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Abstract
The theoretical motivation for exotic stable massive particles (SMPs) and the results of SMP
searches at non-collider facilities are reviewed. SMPs are defined such that they would be suffi-
ciently long-lived so as to still exist in the cosmos either as Big Bang relics or secondary collision
products, and sufficiently massive such that they are typically beyond the reach of any conceiv-
able accelerator-based experiment. The discovery of SMPs would address a number of important
questions in modern physics, such as the origin and composition of dark matter and the unifi-
cation of the fundamental forces. This review outlines the scenarios predicting SMPs and the
techniques used at non-collider experiments to look for SMPs in cosmic rays and bound in mat-
ter. The limits so far obtained on the fluxes and matter densities of SMPs which possess various
detection-relevant properties such as electric and magnetic charge are given.
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1. Introduction
The field of elementary particle physics finds itself at an interesting juncture. Collider ex-
periments at the TeV scale have so far failed to falsify the Standard Model (SM) [1]. There are,
however, a number of reasons to suppose that hitherto unobserved particles exist at or above the
TeV scale. The requirement of naturalness in the Higgs sector typically mandates the existence
of exotic particles. Similarly, there exist a number of theories of dark matter involving heavy
particles and/or new states of matter. Furthermore, progress in particle physics has often been
made by unexpected discoveries as high mass scales are accessed, prompting new questions to
be asked. Non-collider experiments offer promising means to explore mass regions beyond that
available at colliders. This paper summarises the results of non-collider searches for a specific
class of new phenomena: stable massive particles1 (SMPs) which are not predicted within the
SM and which can be directly observed via their strong and/or electromagnetic interactions in
a detector.
SMPs are common features of theories beyond the SM [2]. Examples include supersymmetric
stable particles and magnetic monopoles. SMP searches are thus an important component in the
program of collider experiments [2]. The Large Hadron Collider (LHC) has presently imposed
constraints on production cross sections of exotic SMPs with masses up to ∼ 1 TeV [3–17].
Non-collider experiments are sensitive to SMPs with masses many orders of magnitude greater
than this. The non-collider results form an impressive body of work that is based on a range of
experimental techniques. While some search methods are similar to those used in the collider
community (e.g. scintillator-based searches), others (e.g., mass spectroscopy) are typically not
used. One aim of this work is to summarise and interpret the non-collider searches in a consistent
way, whilst highlighting the assumptions underpinning a given search.
This paper is organised as follows. Representative theories postulating SMPs with a range of
different properties are outlined in Section 2. In Section 3 the interactions of different SMPs are
described, with the focus on those aspects that are most relevant for detection techniques. Sec-
tions 4 and 5 cover searches made for non-magnetically charged SMPs and magnetic monopoles
trapped in matter. Cosmic ray searches for SMPs are covered in Section 6. Section 7 outlines
searches for macroscopic composite objects.
2. Theory and cosmology of various kinds of SMPs
In this section it is shown how SMPs feature in a range of theories of physics beyond the
SM. Putative SMPs are chosen such that they represent the wide range of detection-relevant
properties (charge, mass, interactions) envisaged in the literature. The theoretical motivation
for a given type of SMP is described, along with a description of the properties of the putative
particle that are most relevant for search techniques. The cosmological implications arising
from the existence of a given SMP are also discussed. The current most mainstream model of
cosmology consists of (arguably) high scale inflation followed by reheating of the Universe at a
high temperature, i.e., within a few orders of magnitude of the Grand Unified Theory (GUT)
scale, followed by radiation domination until a redshift of z ∼ 5000. We will on occasion attempt
to identify regions of parameter space that seem to be ruled out by this model of cosmology,
being aware that although it is consistent with all observations, we cannot yet know if the thermal
history of the Universe differs significantly from this simple model at early times.
1The term stable is taken to mean that the object is sufficiently long lived that it can be directly observed
rather than via its decay products. The term massive implies that the object mass is greater than O(100 GeV).
The term particle is taken in the broadest possible sense, including both fundamental and composite states of
matter, of either microscopic or macroscopic dimensions.
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2.1. New particle states (elementary or composite)
This subsection discusses many kinds of new stable massive particles that have been pro-
posed and are relevant to cosmic-ray and astrophysics experiments (including heavy leptons and
hadrons, fractionally charged particles, quark matter, exotic stars, and mirror matter), starting
with general considerations on cosmology and dark matter. Particles that can arise as topologi-
cal field configurations (magnetic monopoles, Q-balls and black holes) are discussed in the next
subsections.
2.1.1. General considerations
Particles that are present in the early Universe with equal matter and antimatter abundance
start in thermal equilibrium, unless they have a very weak self-interaction cross section. The
particles would therefore be created when other particles annihilate with each other (e.g., γγ →
e+e−) but the rate at which this would occur is limited by the mass of the particle relative
to the temperature of the Universe at that time: Re ∼ exp(−me/T ). The species in question
would continue to follow the relic abundance set by this Boltzmann suppression until it goes out
of thermal equilibrium, at which point whatever number of particles that are present per unit
entropy is “frozen in”. At late times, entropy density corresponds to photon density, but if other
species freeze out after the species in question, they will dump their entropy into the photon
bath and further reduce the relic abundance of the initial massive particle [18].
The current-day abundance of particles with matter/antimatter asymmetry depends upon the
rate at which the antimatter and matter annihilate. If this happens rapidly then the anisotropy
that is initially left with the matter becomes entirely responsible for the number of particles that
are present in the plasma. If the matter and antimatter are very inefficient in self-annihilation
(due to a low self-interaction cross section or a low number density) then the relic abundance in
the Universe today only depends upon the abundance at freeze out, which happens at a relatively
high temperature relative to the particle mass.
There is a huge amount of evidence for dark matter in the Universe. If dark matter particles
have no asymmetry and self-annihilate with a cross section comparable to the electroweak scale,
then we naturally end up with approximately the right amount of dark matter in the Universe
today provided their masses are in the GeV–TeV range [19]. This is sometimes known as the
WIMP miracle, where WIMP refers to weakly interacting massive particles.
If, on the other hand, dark matter has a conserved quantum number that is asymmetric, as
it is for baryons, then the physics responsible for obtaining the correct relic abundance today is
completely different and may be related to the asymmetry in the baryonic sector [20].
This work will not be focusing on WIMP dark matter, which already has many reviews [21].
On the other hand, many of the SMPs considered here could provide alternative dark-matter
candidates. This adds motivation to SMP searches. The suitability of a given SMP for dark
matter will be discussed in each corresponding subsection.
2.1.2. SMPs as heavy leptons and hadrons
A number of models provide motivation for stable objects with elementary charge, as well
as fractionally charged (± 13e,± 23e) colour-triplet particles and neutral colour-octet particles.
Examples of such scenarios include models of leptoquarks, extra dimensions and supersymmetry
(SUSY) [2]. Here, SUSY is used as a paradigm to motivate and outline the expected properties
of heavy hadron- and lepton-like objects, since phenomenological supersymmetric models allow
all of the aforementioned hypothesised SMPs.
Stable particles can arise as possible candidates for the lightest supersymmetric particle or
can be meta-stable due to, e.g., small mass splitting or an approximately conserved R-parity
quantum number. While the hierarchy problem is often invoked as a means of constraining
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supersymmetric particles to the TeV scale, the requirement of naturalness in a theory remains
an open question. The need for a WIMP dark matter candidate is another typical argument for
TeV-scale SUSY. However, there are a number of dark matter scenarios not requiring WIMPs.
Supersymmetry should therefore also be sought in experiments with a mass sensitivity far in
excess of the TeV scale.
There are a number of examples of supersymmetry scenarios predicting meta-stable charged
particles. Stable slepton scenarios, leading to SMPs with charge ±e that would interact like a
heavy lepton, arise when the lightest SUSY particle is the gravitino and the next-to-lightest is
a slepton. This can occur in gauge-mediated scenarios [22]. The decay of the slepton into the
gravitino is suppressed because of the gravitational scale couplings of the latter particle, leading
to sleptons that can have very long lifetimes depending upon the gravitino mass [23].
In Split Supersymmetry [24] the gluino may be stable, giving rise to so-called R-hadrons. In
this scenario, mesonic and baryonic states are possible, along with the gluino-gluon state. Such
particles would be strongly interacting. Electromagnetic interactions are also expected unless
the lightest meson and baryon states to which the others may decay are neutral. Observable
meson and baryon states may have electric charges 0,±e or 0,±e, 2e. An antibaryon with charge
−2e, such as a gluino-u¯u¯u¯ state, would be expected to annihilate quickly in matter to become a
R-meson. Stable squarks would lead to R-hadron states with the same range of possible charges
as for the gluino R-hadrons.
The cosmological constraints on these particles are somewhat model dependent. Charged
particles would be in equilibrium in the early Universe and would freeze out in the same way
as other particles, such as WIMPs. Their relic density depends upon their mass and charge.
Alternatively, if they are the result of the decay of other particles, their abundance would be a
result of different physics.
Theories with long-lived gluinos such as Split SUSY have interesting cosmological phe-
nomenologies because the gluino can only decay via interactions involving squarks, which are
much heavier, leading to lifetimes that depend upon the squark mass to the fourth power [25].
Such decays could lead to inconsistencies with nucleosynthesis by photo-dissociating deuterium
and other isotopes if their lifetime is around 100 s; if they are longer lived they can distort the
thermal nature of the Cosmic Microwave Background (CMB) or even add unacceptably to the
cosmic gamma ray background [26].
Very similar constraints are valid for theories where the gravitino is the lightest particle.
Often a phase of entropy production is required at late times to dilute the density of the next-
to-lightest SUSY particles before they decay to gravitinos, causing problems for light element
abundance in the process [23].
Stable negatively charged particles could bind with nuclei to form dense neutral objects
which can act as dark matter [27, 28], for instance X−p and X−−He. In most models, the
viability of such dark matter candidates is strongly constrained by the scarcity of anomalous
heavy isotopes (of hydrogen and helium in particular) in terrestrial matter, which are formed
when positively charged particles combine with ordinary electrons (See Section 4). However, low
anomalous isotope abundances on Earth could be explained in the case where free positively
charged particles are inherently suppressed in the early Universe [27, 29] or invoking a recombi-
nation mechanism [30]. It was argued that a dark matter species such as X−−He cannot cause
significant nuclear recoil in underground detectors based on nuclear recoil such as CDMS [31],
XENON100 [32] and LUX [33], but could still provide an explanation for the positive results
reported by DAMA [34] based on the mechanism of low-energy radiative capture of X−−He by
intermediate mass nuclei [28]. There exists an allowed range in which X−−He binding energy
with sodium is in the interval 2–4 keV, which would lead to the observed annual modulation of
the ionisation signal in the DAMA/NaI and DAMA/LIBRA experiments.
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Searches for stable interacting particles at the LHC typically exclude masses up ∼ 1 TeV,
whereas limits on the lepton-like objects are more modest: ∼ 300 GeV [4, 5, 8, 9, 12, 15, 16].
Should such objects exist they can become trapped in matter and form anomalous isotopes, which
provides a basis for non-collider searches for heavy leptons and hadrons (see Section 4). In these
searches the new stable particles are often generically termed X0 if they are electrically neutral
and X±1, X±2 if they carry single or double electric charge. SMPs carrying electromagnetic
charge which would be hitting the Earth have also been sought at cosmic-ray facilities, using,
for example, time-of-flight techniques for signal identification (see Section 6.2.1).
2.1.3. Fractionally charged particles
The SM gauge group SU(3) × SU(2) × U(1) does not on its own present any barrier to the
existence of fractionally charged particles [35, 36]. Anomaly cancellation does place restrictions
on the charges that particles can have but if one were to introduce non-chiral particles or scalar
fields there would be no constraint upon their charges.
It is therefore interesting that all observed colour-singlet particles have integer charge. We will
see in Section 2.2 that charge quantisation arises in fundamental theories via the Dirac argument
but this on its own does not guarantee that charges have values that are integer multiples of e.
If the SM comes from a Grand Unified Theory, such as SU(5) or SO(10), then there are good
reasons why charges must have the values we observe in the SM, however, this is more or less by
construction and has no other motivation.
Physicists attempting to obtain the SM as a low-energy limit of string theory find typically
that this is not so simple as one would like. For example, while it is possible to obtain the gauge
group SO(10) in string theory [37], the representations are such that the normal way of breaking
the GUT gauge group to that of the SM via the Higgs mechanism doesn’t work. Instead, string
theorists break the gauge symmetry by turning on Wilson loops, loops of flux in the compact
space that act as a background field [38, 39]. This results in a minimum possible magnetic charge
not of 2pi/e but k(2pi/e), where k is an integer that depends on the group theory. This results
in the possibility of colour-singlet particles with charge e/k existing in the theory.
Obviously these particles are not around in great numbers today, otherwise we would have an
interestingly different chemistry. There are ways for them to obtain large masses, and given that
the characteristic mass scale in string theory is the string scale, which is usually close to the GUT
or Planck scale, we might expect not to see these particles around today. Nevertheless, there are
of course constructions with lower string scales, and one can also imagine other extensions of the
SM with fractionally charged particles. It is certainly worthwhile to constrain the existence of
such objects experimentally.
One cosmological scenario involving fractionally charged particles is that composite objects
may exist with a large (1012 GeV) confinement scale. Such particles could in principle act as
dark matter [40]. They could decay with lifetimes that would be phenomenologically interesting
for cosmic-ray experiments although the idea that they could explain super-GZK events seems
less attractive since the AGASA excess has not been observed with the Pierre-Auger experiment.
Fractionally charged particles can be directly sought in cosmic rays using detector arrays
sensitive to anomalous ionisation energy loss (see Section 6.2.1), anomalous Cherenkov light
emission (see Section 6.3.1), or anomalous rigidity (see Section 6.6). Specific methods also exist
to search for fractional charge in matter: the levitometer and the Millikan oil drop methods [41].
These are not described here, but an up-to-date review can be found in Ref. [42].
2.1.4. Dark atoms and mirror matter
There is a large class of models where a whole new gauge group and spectrum of particles
is assumed to exist and to be very similar to the SM. It may differ in just one respect, for
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example, it could have right-handed chirality as opposed to the left-handed nature of the SM.
The particles of this gauge group can presumably possess all the complexity of our own physics,
including chemistry. They are decoupled from our own matter unless additional interactions are
assumed, and therefore the new gauge group is referred to as a “dark sector”.
The simplest such models have “shadow” matter coupled to our own matter through kinetic
mixing of our electromagnetism with the electromagnetism of the dark sector. Electromagneti-
cally bound states between shadow particles of opposite charge form “dark atoms”. If we refer
to the electromagnetic tensor of our electromagnetic field as Fµν and assume that the shadow
particles are charged under a different U(1) symmetry, which we denote Gµν , then the mixing
between them will be given by (see, e.g., Ref. [43])
Lgauge = −1
4
FµνF
µν − 1
4
GµνG
µν − χ
2
FµνG
µν , (1)
where the final term is the kinetic mixing term. The strength of the mixing is controlled by the
dimensionless parameter χ. In the special case where the hidden sector is isomorphic with the
SM — which reduces the number of parameter and enhances the symmetry of the theory —
the shadow particles are called “mirror matter”. If the left and right-handed chiral fermions are
interchanged in the mirror sector, then the latter simply arises from restoring space-time parity
symmetry as a fundamental symmetry of nature.
The intriguing possibility that dark matter could be formed of dark atoms has been studied
extensively over the past few decades [44–62]. A wide variety of complex cosmological and
astrophysical effects can arise from such models. One simple and theoretically well-motivated
hypothesis is that of mirror matter, as discussed above. Assuming a kinetic mixing between the
photon and the mirror photon of the order of χ ∼ 10−9 and specific initial conditions in the early
Universe provides a very rich phenomenology which does not seem to be in obvious conflict with
experiments [53, 62]. Although mirror matter would naively not qualify as a valid dark matter
candidate due to its strong self-interaction cross section, a more careful analysis shows that it
could still potentially account for structure formation and bullet cluster observations for certain
values of kinetic mixing [62]. In addition, models of dark atoms can help reducing the tension
between the observed DAMA/LIBRA annual modulation and other underground nuclear recoil
experiments such as CDMS, XENON and LUX. For instance, interactions of mirror particles via
kinetic mixing introduces a differential cross section for dark matter nucleon scattering which
makes the detection efficiency very sensitive to the energy threshold used in the experiment [63].
Likewise, another simple hidden sector model for dark atoms can accommodate inelastic collisions
which can be seen in DAMA while evading constraints from other experiments [55].
Interactions between large aggregates of mirror matter and ordinary matter (which can be
quite significant in the presence of kinetic mixing) are discussed in Section 3.2.2. The presence of
bodies made of dark atoms gravitationally bound to the Solar System could hypothetically lead
to a number of anomalies in the behaviour of some meteoroids [64, 65]. Such phenomenology is
discussed further in Section 7.2.
2.1.5. Strange quark matter (strangelets and nuclearites)
It has been suggested that there is a more stable configuration of quarks than nuclei, namely
strange quark matter or SQM, where there are roughly equal numbers of u, d and s quarks [66–
68]. This seems counter-intuitive as s quarks have a mass of around 100 MeV so replacing
either an u or d quark, which both have masses less than around 5 MeV, with an s quark
seems energetically unfavourable. However, the chemical potential due to the Pauli-Exclusion
principle in bulk quark matter is significantly more than the s mass, so it is energetically more
favourable to have the three species in co-existence. Strange quark matter could be stable for
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baryon numbers A ranging from a few to 1057 [69], beyond which so-called strange stars collapse
into black holes. Strange quark matter with A ' 103 is often called a “strangelet”, while large
clumps are often termed “quark nuggets” or “nuclearites”. Strange quark matter would have a
nuclear density ∼ 5 · 1014 g/cm3. The charge Z carried by a lump of SQM is predicted to be
significantly lower than in the case of nuclei, approximately Z ∼ 0.3A2/3.
Note that the transition to this phase from the phase where quarks are confined in nuclei
is very much suppressed. A baryon with only a single s quark is a hyperon, which decays
quickly. The only possible way for a nucleus to make a transition to strange quark matter is
for many of the u and d quarks to simultaneously undergo weak interactions such that they
convert into strange quarks, at which point the large freeing up of chemical potential will make
the configuration energetically stable. Since the probability of this happening is astronomically
small, normal baryonic matter is stable.
Lumps of SQM can therefore only be produced either in high-energy collisions at particle
accelerators or in the early Universe, the latter being more favourable since presumably a large
amount of entropy would make it easier to produce such objects. In particular, if the Quantum
Chromodynamics (QCD) phase transition is first order, the dynamics of bubble nucleation are
such that quark matter lumps would form at that stage and shrink and cool, moving on the
equation-of-state diagram from a high temperature to a zero temperature, high chemical potential
configuration.
The current status of neutron star observations and theory is rather interesting, with the vast
majority of neutron stars having masses just above 1.44 M, but recent observations suggest
the existence of stars with much higher masses, around 2 M [70–72]. Studies of the properties
of hyperons have lead people to believe that these will play a role in the nuclear equation of
state inside neutron stars [73] but this would lower the maximum mass to less than 1.5 M.
Possible solutions to this include quark stars [74], but the situation with regards to observations
and theory is still fluid (see Section 7.4.2).
A mechanism for the production of quark nuggets would be the collision and fragmentation
of quark stars [75], which could in principle lead to a rate of 10−10 Myr−1 in the Galaxy [76],
although the absolute expected rate is very uncertain.
It is also possible that dark matter is made up of antiquarks in certain schemes of Charge-
Parity (CP) violation in QCD. In these models the antiquark sector is sufficiently different
so as to form quark nuggets during the QCD phase transition, while the normal quarks form
baryons [77]. Such antiquark nuggets would have very similar phenomenologies to quark nuggets,
and besides potentially explaining dark matter and matter-antimatter asymmetry, they provide
an interesting phenomenology of diffuse cosmic photon emission [78, 79] (see Section 7.4.5).
Despite the fact that quark matter nuggets are strongly interacting, they do not conflict with
astrophysical observations as cold dark-matter candidates. The ratio of self-interaction cross
section to mass is constrained to be less than ∼ 1 cm2/g by gravitational lensing observations
of merging galaxy clusters [80]. Although this constraint would prevent, e.g., an elementary
positively charged particle X+ with mass less than 106 GeV from constituting dark matter
because they would form heavy hydrogen atoms with atomic-size cross sections, macroscopic
objects with nuclear density (such as nuclearites) would satisfy it by several orders of magnitude.
The techniques used for searching for nuclearites depend on the targeted mass range [69]: up
to roughly 1 g (1024 GeV), they can be sought in matter as an anomalous abundance of heavy
isotopes (Section 4) or in cosmic rays using ionisation arrays (Section 6.2), while for higher
masses, one can look for signatures of superheavy compact objects, e.g., in the form of seismic
signals (Section 7).
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2.1.6. Fermionic exotic compact stars
In Section 2.1.5 it was discussed how strange quark matter could be bound by strong inter-
actions and possibly form stable configurations even for low aggregate masses. More generically,
objects composed of fermions can be bound by gravity in a dense phase of matter if the mass
is sufficiently large: in that case, a high fermionic degeneracy pressure holds the star up against
gravitational collapse. Well known examples are white dwarfs and neutron stars, where electrons
and neutrons support the degeneracy pressure, respectively. In each case, stability analysis pre-
dicts an allowed mass window; for instance, white dwarfs with masses beyond ∼ 1.5 M (the
Chandrasekhar limit) collapse into neutron stars, and neutron stars with masses below ∼ 0.2 M
and beyond ∼ 3 M are unstable [81, 82]. Also, any compact star with mass larger than ∼ 20 M
would collapse into a black hole.
The same principles can be applied to massive agglomerates of exotic fermions. Several
authors have shown that such objects can be stable in mass ranges that depend on assumptions
made about the fermion mass and interaction strength [82–85]. For instance, simple models
of a degenerate Fermi gas of fermions with mass at the TeV scale predict a stability mass
range between 10−10M and 10−3M, corresponding to radii between 1 µm and 100 m [82, 83].
Another interesting model is that of a degenerate gas of hypothetical fermions beyond the quark
level (hereafter termed preons) [84, 85]. Despite the fact that no theory can reconcile preon
dynamics at a high energy scale with low quark and lepton masses, minimal assumptions about
fermionic properties of preons, their low mass, and the compositeness scale, address the features
of preon stars in a fairly generic way [85, 86]. A bag model, motivated in this case by the
expectation that quark and lepton masses come mainly from interactions, allows for stable preon
stars with masses in the range 10−7 − 10−3M and radii in the range 0.01 − 1000 cm (for a
density of the order of 1023 g/cm3) [85–87].
Stellar collapse is unlikely to be a viable mechanism for exotic compact star formation [85],
leaving a phase transition at the early stage of the Big Bang as the only alternative. While such
a phase transition does not conflict with cosmology [88], it is unclear if sufficient pressure can
be provided to form massive compact stars, and the details of potential mechanisms that could
achieve that feat depend on the considered model of exotic particles forming the star [85].
The only constraints on the abundance of compact massive objects in the mass ranges
discussed here were obtained with searches relying on gravitational lensing. Abundances are
limited to less than ∼ 10% of the dark matter density by femtolensing in the mass range
2 · 10−17M − 10−13M and by microlensing in the mass range 2 · 10−9M − 2M (see Sec-
tion 7.1). The remaining mass range windows remain unconstrained, and it is conceivable for
exotic compact stars to constitute dark matter if they have masses either exclusively in uncon-
strained ranges or distributed over a wide mass range that only partly overlaps with those probed
by gravitational lensing searches.
2.2. Magnetic monopoles
The idea that a magnetic monopole could exist can be attributed to Pierre Curie in 1894 [89].
But the first persuasive physics case, made within the framework of quantum mechanics, was
put forward by Dirac in 1931 [90, 91]. He noted that, if monopoles exist, then electric charge
must be quantised, as is observed in nature. No other explanation for this fundamental principle
was known at the time. In 1984, ‘t Hooft [92] and Polyakov [93] demonstrated the necessity of
monopoles in Grand Unified Theories. Previously, Dirac had only demonstrated the consistency
of magnetic monopoles with electrodynamics and quantum theory. To date, no generally con-
vincing experimental evidence for monopoles has been seen. However, there are sound theoretical
reasons for believing that the magnetic monopole must exist.
10
2.2.1. Electric-magnetic duality
Maxwell’s theory of classical electrodynamics relates the electric and magnetic fields to each
other and to the motions of electric charges. The four basic equations of Maxwell’s theory utilise
fundamental electric charges but they do not allow isolated magnetic charges, i.e., magnetic
monopoles. However, the existence of magnetic charges would fully symmetrise Maxwell’s theory.
These generalised Maxwell’s equations possess a symmetry, under the duality transformation,
that mixes the electric (E) and magnetic (B) fields:
E+ iB = eiφ(E+ iB). (2)
But, this duality symmetry is broken if free magnetic charges do not exist in nature. It is easy
to incorporate magnetic charges into classical electrodynamics by simply introducing a magnetic
charge density (ρM ) into Gauss’s law for magnetism: ∇ ·B = ρM . However, this would require
the introduction of a vector potential A, which is related to the magnetic field by B = ∇×A.
Unfortunately, a smooth vector potential would automatically render the magnetic field sourceless
— seemingly eliminating the possibility of magnetic charge.
2.2.2. The Dirac quantisation condition
In 1931 Dirac, perhaps motivated by the enhanced symmetry of the Maxwell’s equations that
would result from the existence of a magnetic charge, published the first quantum theory of a
magnetic monopole [90, 91]. Dirac noted that because A is not an observable quantity, it does
not have to be smooth. He envisioned the magnetic monopole as the end of an infinitely long,
infinitesimally thin solenoid. Along the solenoid, the magnetic field is undefined; this line of
singularity is known as the Dirac string. Thus, Dirac’s magnetic monopole can only exist if the
Dirac string is impossible to detect. One can imagine an electron transported along a closed
path enclosing the solenoid string. The electron’s wave function would acquire a phase, as in the
Aharonov-Bohm effect [94]. But, if the wave function only acquires a “trivial” phase then the
string would not be detected. In this case the vector potential A describes a localised magnetic
charge, surrounded by the magnetic Coulomb field with a singularity at the origin.
We can express this test more mathematically by supposing that a point-like monopole with
charge g sits at the origin with magnetic field B = g(rˆ/r2) and the solenoid lies along the negative
z axis. Using spherical coordinates and in the appropriate gauge, the non-zero component of the
vector potential is Aφ = g(1− cosθ), where Aφ is defined by A · dr ≡ Aφdφ. The electron’s wave
function acquires a trivial phase, leaving the Dirac string undetected, if
e−ie
∮
A·dr = e−i4pieg = 1. (3)
This gives rise to Dirac’s quantisation condition, eg = n/2. Importantly, using this relation we
see that Dirac had explained the quantisation of electric charge on the condition that at least
one magnetic monopole exists.
The minimum allowed magnetic charge is called the Dirac charge, gD = 1/(2e). In natural
units the fine structure constant α = e2 ≈ 1/137. Thus, gD = e/2α ≈ 137e/2. The Dirac
quantisation condition requires all magnetic charges to be integer multiples of gD. Note that
the magnetic charge is large compared to the electric charge, i.e., gD = n68.5e. So, a relativistic
magnetic monopole with a minimum magnetic charge would ionise ∼ 4700 times more than a
particle with a single electric charge. Likewise, the strength of the magnetic Coulomb force
between two elementary single charges is ∼ 4700 times that of the Coulomb force. The magnetic
counterpart of the fine structure constant is αm ≈ 430. In the SM, the quantum of electric
charge is e = 1 (= 1.6× 10−19 C). But, in the quark model the smallest unit of electric charge is
1
3 , suggesting that, according to the Dirac condition, the fundamental unit of magnetic charge is
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3gD. However, this possibility has been discounted due to the fact that quarks are confined [95–
97]. Presumably, this prohibition will need to be revisited if free quarks are ever observed.
In 1969 Schwinger hypothesised a particle with electric and magnetic charge, called a Dyon2 [98–
103] . In this case the quantisation condition is
e1g2 − e2g1 = n, (4)
where we have considered two dyons with electric and magnetic charges (e1, g1) and (e2, g2).
Each dyon is unable to detect the string of the other if and only if Eq. 4 is satisfied. The allowed
charges of dyons are restricted by the Dirac quantisation condition. Most arguments made for
monopoles may be readily extended to dyons, and some gauge models, such as SU(5), predict the
existence of both monopoles and dyons. Schwinger argued that generalising the Dirac condition
for a dyon restricts the magnetic charge of the dyon to be even with a smallest value 2gD [98–100].
Dyons should be heavier than electrically neutral monopoles. Consequently, they can decay to
monopoles via a process such as Dyon± → Monopole+e± +X.
2.2.3. GUT monopoles
A symmetry-breaking phase transition in the early Universe may give rise to topological
defects, such as magnetic monopoles; this idea is known as the Kibble mechanism [104]. In 1974,
’t Hooft [92] and Polyakov [93] independently discovered a magnetic monopole solution — within
the framework of the Georgi-Glashow model [105] — generated by an SU(2) gauge symmetry
breaking to U(1). In this broken phase, the theory has a spherically symmetric “hedgehog”
solution with magnetic charge equal to the Dirac charge. This ’t Hooft-Polyakov monopole is
not point-like and has a finite mass of the order of the Grand Unification scale. From far away it
looks like a Dirac monopole. In contrast with the Dirac monopole, ’t Hooft-Polyakov monopole
theory does not necessitate the introduction of a source of magnetic charge, rather, here it is
due to the topological charge, i.e., twists or knots in the vacuum expectation value of a field.
The absence of any singularity in the description of the ’t Hooft-Polyakov monopole makes it
mathematically preferable to the Dirac monopole.
In some GUT theories, with several stages of symmetry breaking, lighter monopoles may
arise. A good example is provided by the Pati-Salam model [106] based on the SO(10) gauge
group:
SO(10)
M1
→ SU(4)× SU(2)× SU(2)
M2
→ SU(3)× SU(2)× U(1). (5)
In this theory one has a heavy monopole with mass ∝M1 and single Dirac charge and a lighter
monopole with mass ∝ M2 and a double Dirac charge [107]. The mass of the lighter monopole
is ∼ 1015 GeV. There are even lighter monopoles (M∼ 108 GeV) in the SU(15) model [108, 109].
Models with fermions in bifundamental representations can naturally lead to family unification as
opposed to family replication. Such models [110] utilising the symmetry group SU(4)×SU(3)×
SU(3) can give rise to a multiply charged magnetic monopole with mass as low as ∼ 107 GeV.
Magnetic monopole solutions also exist within the framework of electroweak theory. Notably,
such monopoles would be expected to have a mass set by the electroweak (EW) scale. Contrary
to earlier work, which asserted that the Weinberg-Salam model could not admit monopoles [111,
112], it has been established that monopole solutions are possible [113, 114]. These lower-mass
gauge EW monopoles could be present in cosmic rays but also may be producible at the LHC.
2Unless made clear by the context, the term monopole is used to refer to both magnetic monopoles and dyons
in this paper.
12
It has also been proposed that monopoles belonging to a dark sector [115] would, via mixing,
appear as objects with small electric charge. In this scenario, monopoles with masses greater than
several hundred TeV represent a contribution to the measured dark matter relic density [116].
2.2.4. Monopole catalysis of proton decay
The possibility that a GUT monopole could catalyse a baryon number violating process was
suggested as early as 1980 [117]. The central core of a GUT monopole retains the original
symmetry and contains the fields of the superheavy gauge bosons that mediate baryon number
violation. Within this core the forces of the universe are still indistinguishable from one an-
other and the quarks and their leptons are, in this domain, the same particles. Thus, it is not
unreasonable to expect that baryon number conservation could be violated in baryon-monopole
scattering. However, it was originally thought that the cross section of this process would be of
the order of the tiny geometrical cross section of the monopole core (∼ 10−58 cm2).
Figure 1: A depiction of a proton decay into a positron and a neutral pion catalysed by a GUT monopole.
Later studies by Rubakov [118, 119] and Callan [120, 121] concluded that these processes
are not suppressed by powers of the gauge boson mass. Instead, catalysis processes such as
p + Monopole→e+ + pi0, pictured in Fig. 1, could have strong interaction rates. An explanation
for a potentially large monopole catalysis cross section is the following. The monopole core
should be surrounded by a fermion-antifermion condensate. Some of the condensate will have
baryon number violating terms extending up to the confinement region. The increase in size of
this region gives rise to the essentially geometric cross-section: σBβ ∼ 10−27 cm2, where β = v/c.
However, there are theoretical uncertainties in this arena and it is not certain that strong
catalysis is a general feature of all GUT theories. It may be that catalysis does occur but
at considerably lower rates, as is discussed elsewhere [122, 123]. For example, it has been
proposed [123, 124] that the monopole catalysis cross section could have a 1/β2-dependence:
σ ∼ (1 GeV)−2/β2, at least for sufficiently low monopole-proton relative velocities. It should
also be noted that intermediate mass monopoles arising at later stages of symmetry breaking,
such as the doubly charged monopoles of the SO(10) theory, do not catalyse baryon number
violation.
2.2.5. Relic abundance of topological defects — The Kibble Mechanism and inflation
In the hot Big Bang model of cosmology, the coherence length of fields is limited by the
distance that signals can travel — there is no possibility of coherence between two points that
are further away than the size of the particle horizon at any given time. We expect monopoles
from non-Abelian gauge theories where there is some internal three-dimensional field space, which
can be labelled φa, where a = 1, 2, 3. Monopoles will form in such theories if they also possess
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degenerate minima at |φa| = v, which will have the topology in field space of the surface of a
sphere.
If we go back to the very early Universe, finite temperature corrections drive the field to φa = 0
such that all coordinates are equal and the symmetry is unbroken. We can map directions in field
space using, for example, φ1 = |φa| cos θ, φ2 = |φa| sin θ cosφ and φ3 = |φa| sin θ sinφ. Then, as
the Universe expands, the finite temperature corrections go away and the field moves towards
some point in its classical minimum 〈|φa|〉 = v but in some random (θ, φ) direction.
In each different horizon volume region of the Universe, different values of θ and φ are chosen
at random. Then, as the Universe expands, these different regions come into causal contact with
each other. The energy associated with the kinetic term in the Lagrangian will try to smooth
out the field so that it moves continuously between such regions but there will be on average one
defect per horizon volume at symmetry breaking which, if the vacuum has the topology of the
surface of a sphere, will be point-like — a monopole [125].
The precise density of monopoles in the Universe today depends upon the symmetry breaking
scale and the radius in field space v at which the fields will sit in their minimum, but the generic
models for GUT monopoles suggest a relic abundance of
Ωmonopole ∼ 1011
(
TGUT
1014 GeV
)3 (mmonopole
1016 GeV
)
, (6)
or a number density of 10−21 cm−3, i.e., one monopole per each (100 km)3 cube. This is huge
and would correspond to a Universe very different to the one we live in.
This is in fact one of the motivating factors for cosmological inflation (the problem was the
primary motivation for Guth’s original work [126]). To solve this monopole problem you would
only require a dilution factor of 1013. However inflation also solves the horizon problem and
to do that, we expect a minimum expansion factor during inflation of e50, resulting in a 1065
increase in volume, which would reduce the concentration of these monopoles to a small value,
so if inflation happens after monopoles are formed, they are effectively diluted such that the
number density of a 1016 GeV monopole would be something not very far in orders of magnitude
of one per Universe.
Hence, monopoles formed by the Kibble Mechanism are either very abundant or completely
absent in the simplest models depending upon whether or not they form before or after inflation.
It is possible to introduce freedom into almost every part of this story. We don’t know the mass
of the monopole or the scale of inflation, although we do know that even extreme models of
inflation with strange thermal histories (e.g., long dust phase before reheating) require volume
dilution factors of 1050 in order to solve the horizon problem. Below we discuss two examples of
scenarios in which the conclusions reached above are circumvented.
Multiple stages of inflation
It is possible that multiple stages of inflation could occur. This would mean that much of the
expansion required to alleviate the horizon problem would occur in an initial stage of inflation,
after which the Universe could in principle thermalise again, monopoles could form and then a
second stage of inflation would reduce their abundance and make them observable without being
problematic. It is important to note that constraints on the tensor-to-scalar ratio rT (the ratio
between tensor gravitational waves and scalar density perturbations in the primordial plasma)
in the CMB tells us that the maximum energy scale of inflation corresponds to a potential with
energy density around (1015−16GeV)4 [127, 128]. Therefore, the absolute maximum temperature
after inflation must be less than T = 1016 GeV (and in most models quite a lot less since
the inflaton doesn’t decay immediately). Because of this, only monopoles that correspond to a
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symmetry that is broken at temperatures considerably less than 1016 GeV could be produced
after a period of inflation, placing pressure on GUT monopoles that traditionally correspond to
symmetries that are only restored at 1016 GeV. It should be noted that the presence of massive
particles far beyond the reach of the LHC could change the running of the gauge couplings
and consequently lead to Grand Unification occurring at a lower energy scale, although many
particles are usually required to achieve a considerable shift in MGUT .
Stochastic fluctuations created during inflation
Unless fine tuning occurs and one or more of the couplings of a theory are many orders
of magnitude different from unity, then for a given potential associated with some symmetry
breaking all the relevant scales associated with that potential, e.g., the expectation value, the
scale of symmetry breaking and the mass (curvature) of the potential, should be within a couple
of orders of magnitude of each other in energy. For example, the Higgs mass is 125 GeV while
the vacuum expectation of the Higgs field is 246 GeV.
We consider a situation where the mass scale associated with the symmetry-breaking potential
leading to a monopole is much less than the Hubble scale during inflation, i.e., less than 1013 GeV.
Then the field will be effectively light and will be given stochastically different values in different
regions of the Universe due to quantum fluctuations.When inflation ends, the absolute maximum
temperature that can be created corresponds roughly to the quarter power of the inflaton energy
density, which is much larger than the Hubble expansion rate at the end of inflation, so if the
inflaton were to reheat efficiently the temperature corrections to the potential would erase any
memory of the quantum fluctuations. However, if the inflaton is extremely weakly coupled to
the rest of the particle spectrum, it could then take a long time to reheat and when it does so,
the temperature may in principle be so low as to not erase the stochastically generated values of
the monopole field. Once the Hubble expansion rate drops to the point at which the monopole
eld can start to classically roll down its potential, stochastic values of the eld that are picked
up during ination will lead to the initial conditions for the monopole being different in different
regions and will determine the number of topological defects left over. The final number will be
highly dependent upon the physics of the monopole field and the physics of the inflaton field.
However this could only work for relatively light topological defects.
2.2.6. Monopoles in extra dimensions and in string theory
There are a huge number of particles in higher dimensional theories which may posses mag-
netic charge. It was pointed out by [129, 130] that monopoles in Kaluza Klein (KK) theories are
expected to exist when the U(1) of electromagnetism is obtained by the symmetries of a closed
loop in the compact dimensions. This result is expected to hold in more realistic compactifica-
tions, although of course chirality remains a problem in such theories.
In string theory there are a variety of monopoles, in fact the aforementioned KK monopoles
are also thought to be solutions of the wider theory [131]. The same authors also pointed out that
when one moves away from the self-dual compactifications radius where the symmetry between
KK and winding modes leads to an enhanced SU(2) symmetry then the higgsing of the massless
degrees of freedom at that point can give rise to monopoles exactly in the same manner as the
’t Hooft-Polyakov monopole.
Five branes can couple to the magnetic potential associated with the anti-symmetric ten-
sor field Bµν and upon their dimensions lying along the six compact dimensions can appear
as magnetic monopoles in the 3+1 dimensional theory [132, 133]. There are many such exam-
ples in different string theories with different compactifications and for each compactification
upon a (typically complicated) compact manifold, there will be many different ways of wrapping
extended magnetically charged objects resulting in point like monopoles in the 3+1D world.
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In modern string theory, fundamental open strings have their ends attached to D-branes
embedded in the higher dimensional space. In some scenarios the gravity only part of the bulk
can be pierced by lower-dimensional D-brane defects [134–137]. In our world, these particles
would appear as point-like “D-particles” [134–138], non-perturbative stringy objects with masses
of order mD ∼ Ms/gs, where gs is the string coupling. The lightest D-particle (LDP) is stable,
because it is the lightest state carrying its particular charge. Electrically and magnetically
charged states are possible but normally the lightest state is assumed to be neutral to evade
cosmological constraints (they are not observed in the same way magnetic monopoles are not
observed) however there could be some aspect of cosmology which prevents them from being ruled
out, such as inflation or a late time injection of entropy. An important difference between the
D-matter states and magnetic monopoles is that D-particles could have perturbative magnetic
couplings.
The masses of all of these objects will be typically set by the string scale and/or the compact-
ification scale of the compact space. Since these are objects in which gauge fields can propagate,
the constraints on their scale is set by the fact that 3+1D quantum field theory works well up
to the multi-TeV energies of the LHC. However typical theoretical descriptions usually set the
compactification scale close to the GUT scale 1016 GeV although this can be reduced to lower
energies, in particular when some of the extra dimensions are gravity only. In those scenarios,
the strongest constraint is the cosmology of the (now light) KK graviton modes associated with
the large gravity only extra dimensions and the string scale and/or the inverse radius of the
compact space (and hence the masses of the monopoles) can be brought close to the discovery
reach of the LHC [139].
2.2.7. Monopole acceleration in galactic magnetic fields
Here we discuss the behaviour of magnetic monopoles in the Galaxy, where they are as-
sumed to drift under the influence of the magnetic and gravitational fields. The acceleration of
monopoles in galactic magnetic fields is a well studied subject [140–142].
An upper limit on the flux of galactic monopoles of ∼ 10−16 cm−2sr−1s−1 — the so-called
“Parker bound” — is obtained based on the argument that fluxes above this value would de-
crease the energy stored in the galactic magnetic field faster than it could be generated by the
galactic dynamo effect [143, 144]. This limit was revised to account for the monopole mass de-
pendence [145]. An even tighter bound was obtained for monopole masses below 1017 GeV by
considering the survival and growth of a small galactic seed field [146].
The rapid acceleration occurring in galactic magnetic fields causes monopoles with the Dirac
charge or higher to acquire kinetic energies of the order of 1013 GeV, and thus monopoles with
masses of the order of 1013 GeV or lower would quickly become relativistic [142]. This estimate
takes into account possible multiple passages of monopoles through the galactic plane.
Below we report the results of calculations of the influences of the galactic magnetic and
gravitational fields on monopoles. Our calculations use the improved knowledge of the galactic
magnetic field and galactic mass distribution given in Ref. [147, 148]. The random galactic
magnetic field component is neglected since it should average to zero [149]. The lifetime of a
monopole in the Galaxy is assumed to be the time for it to reach a radius of 25 kpc, beyond
which it is assumed to have escaped from the Galaxy. Throughout, we assume that monopoles
interact with matter predominantly through their gravitational and electromagnetic fields and
that strong interaction and ionisation effects are not significant.
Figure 2 shows the monopole lifetime for several different initial conditions. The outcome is
found to be approximately independent of the initial conditions, and a linear fit to the data gives
a lifetime of 0.17 M1/2 Myr with the monopole mass M in GeV. Monopoles with masses below
1017.5 GeV have short lifetimes compared to the age of the Galaxy (∼4.5 Gyr) and are thus
16
quickly expelled from the Galaxy. This is consistent with the results reported in Ref. [145]. Such
short lifetimes will severely reduce the concentration of relatively low mass monopoles released
within the Galaxy (e.g., ejected in supernova explosions). For M > 1018 GeV monopoles remain
gravitationally bound to the Galaxy. However, they tend to spend a major fraction of their dwell
time at radii that are much larger than the solar orbit radius. Hence, again their flux in the
vicinity of the Earth will be limited. Furthermore, since they have large kinetic energies, their
ranges in matter will be longer than the planetary or star radii. They would thus be unlikely
to stop in matter. They could still have bound to matter before galaxies were formed, e.g.,
during cosmic nucleosynthesis [150]. A monopole trapped in a larger rigid structure (such as
an interstellar dust grain) would have to drag the whole object with it during acceleration and
would not reach high velocities.
Monopoles ejected from other galaxies into extra-galactic space are likely to have similar
velocities to those ejected from our own Galaxy. They could enter our Galaxy. Their large
kinetic energy would overcome the potential energy due to the galactic magnetic fields so that
they could be detected in Earth-bound detectors. Hence if a naturally occurring monopole is
eventually detected in flight it will likely be of extra-galactic origin.
Figure 2: Top: Time for a monopole in the Galaxy to reach radius 25 kpc as a function of monopole mass. Each
curve is for a monopole starting at the same galactic coordinates as the Solar System (radius 8.5 kpc). The solid
(dashed) curve is for a monopole starting with the same (opposite) velocity as the Solar System. The dash-dotted
curve is for a monopole starting at rest at the position of the Solar System. Bottom: The velocities at radius
25 kpc in the same three designations as above as a function of monopole mass.
17
2.2.8. Monopole phenomenology
Monopole searches have been performed at colliders, in cosmic rays and in matter since the
1950s, and are still continuing today. A wide variety of techniques can be employed to search for
monopoles. These include induction techniques with superconducting magnetometers to detect
magnetic charge trapped in matter (Section 5.2.2) or in flight (Section 6.1), detector arrays
based on ionisation energy loss (Section 6.2), detection of Cherenkov radiation in water or ice to
probe relativistic monopoles (Section 6.3), and nucleon-decay detectors for probing the monopole
catalysis reaction (Section 6.7). A summary of current experimental limits on monopoles in a
wide range of hypotheses and detection techniques is provided in Table 4 and in Figs. 14 and 15
(Section 6). Interactions of monopoles with matter are discussed in Section 3.3.
As discussed above, very massive monopoles (1018 GeV or higher) would form galactic halos.
It is conceivable that they could contribute to dark matter. Oppositely charged monopoles can
also form a neutral bound state termed “monopolium”. In an SU(5) GUT model, monopolium
can have a lifetime ranging from several days to 1011 years depending on its diameter, and would
be copiously formed in the early Universe at the time of nucleosynthesis given that a sufficient
amount monopole defects were produced at an earlier epoch [151]. More generally, a simple way
to allow for stable monopolium is to postulate the existence of at least two kinds of monopoles
which could not decay into one another nor annihilate with each other (just as electrically charged
fermions can exist either as leptons or hadrons). Monopolium with lifetime comparable to or
greater than the age of the Universe could play the role of dark matter, similarly to the dark
atoms discussed in Section 2.1.4. Monopole-antimonopole annihilations within relic monopolia
could also give rise to ultra-high energy cosmic rays [152]. A scenario of monopoles existing
within a dark sector have also been put forward to explain dark matter (see Section 2.2.3).
2.3. Field configurations other than monopoles
A number of theories predict the existence of objects with a more extended structure than
that expected of the exotic leptons and hadrons outlined in Section 2.1.2.
2.3.1. Q-balls
Q-balls are topological objects that are stable due to a conserved angular momentum in an
internal space (essentially, a charge) combined with a lack of lighter particles in the spectrum
into which the charged object could decay. Consider a theory with a two-dimensional internal
space of scalar fields φ1 and φ2 with a potential that is only a function of |φ| =
√
φ21 + φ
2
2. We
assume that |φ| is constant within a (real space) sphere of radius R and zero outside that sphere.
If the vector φi is rotating around the internal SO(2) symmetry with a specific angular frequency
ω, then the conserved charge Q is given by
Q =
∫
d3x [φ1∂0φ2 − φ2∂0φ1] = 4pi
3
R3ω|φ|2, (7)
whereas the energy E is given by
E =
4pi
3
R3
(
1
2
ω2|φ|2 + V
)
, (8)
where V is the potential of φ. Using Eq. 7 to replace ω in Eq. 8, one can see that there is a
radius R at which the energy is minimised, and at this minimum E = Q
√
2V/φ2. This field
configuration, or “Q-ball”, can decay by emitting the basic scalar particle of the Lagrangian,
which has unit charge and mass m2 = ∂2V/∂φ2
∣∣
φ=0
. However the energy per unit charge of the
18
Q-ball is E/Q =
√
2V/φ2, so that if the mass of the scalar m >
√
2V/φ2, the Q-ball will not be
able to decay into these scalar particles [153–156].
Unlike topological monopoles, Q-balls are dynamic configurations of the vacuum that may or
may not exist depending upon the history of the Universe. Like topological monopoles, Q-balls
can form with very many different mass scales depending upon the theory in question. Also
the charge in question can vary; it could be electric charge or it could, for example, be baryon
number.
Many potentials have characteristic logarithmic one-loop corrections that allow m >
√
2V/φ2.
In SUSY there are examples of Q-balls in both gravity-mediated [157] and gauge-mediated [158]
SUSY-breaking scenarios. For typical values of the parameters in these models, Q-balls must
have rather large masses, much higher than the electroweak scale, in order to be stable [159, 160].
The interactions of Q-balls with matter depend upon their properties, such as electric charge
and ability to catalyse nucleon decay, as discussed in Section 3.2.4.
2.3.2. Primordial black holes
Black holes are gravitationally collapsed objects whose energy content is located in such a
small region that they are shrouded by an event horizon. While we are perhaps most familiar
with astrophysical black holes at the centres of galaxies or at the end point of stellar evolution,
it is possible that much smaller black holes were created in the early Universe. These are called
primordial black holes, or PBHs.
PBHs are hypothesised to have formed in density fluctuations in the early Universe [161–163]
with masses typically peaked near the mass enclosed in the particle horizon at that epoch. There
are a large number of theoretical scenarios describing PBH formation [164, 165] including specific
types of inflation [166–174], phase transitions, for example, from bubble collisions [175–180], and
the collapse of cosmic strings [181–187] and necklaces [188, 189]. Consequently, PBHs can span
a huge mass range.
While classically, nothing including light can escape from a black hole, it is now generally
accepted that these objects gradually decay due to quantum effects. Hawking’s analysis [190, 191]
(inspired by earlier work by Beckenstein [192]) showed that quantum fields in curved space-times
develop non-zero creation operators, leading to the production of particles from the vacuum at
a rate determined by the local space-time curvature. While a fully self-consistent treatment of
the problem is still elusive, it seems necessary to accept that this happens from the point of view
of thermodynamics. It is assumed that the energy associated with the particles comes from the
gravitational field such that the mass of the black hole slowly leaks away.
Although PBHs with mass less than 1014 g would have completely evaporated by now, they
would nevertheless have contributed to the development of the early Universe. For example,
PBHs would affect baryogenesis [193–196]; generate neutrinos [197, 198] or hypothetical parti-
cles [199–201]; swallow monopoles [202, 203]; and destroy domain walls [204].
The masses of primordial black holes that survive to the current day is likely to be larger
than 1015 g. Such a black hole would have a Schwarzchild radius of 10−15 m so it would be about
the size of a proton. To investigate the detectability of such objects it is interesting to estimate
their expected electric charge. The temperature of a small black hole is related to its mass by
THawking =
(
1.058× 1016
MBH
)
MeV, (9)
so that black holes with masses less than around 1016 g would be able to emit electrons and
positrons and would do so, resulting in a net charge of order 1 [205]. Much heavier black holes
could in principle have much larger charges and would not be able to emit particles to get rid
of this excess charge but there is no particular reason why this would occur. For black holes
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with masses less than 1018 g the cross section for absorbing a proton is greater than that for
absorbing an electron due to the wave-function overlap being suppressed so the black hole might
classically absorb protons more efficiently while not being able to balance this net charge by
radiating positrons [206]. In this small mass range, it seems difficult to imagine a net charge
greater than around 500e at the absolute most.
PBHs are constrained due to their indirect effects on nucleosynthesis, fluctuations in the
cosmic microwave background, and galaxy structure formation [164, 207, 208], as well as a variety
of dynamical arguments [209]. Another strong requirement comes from the mere existence of old
neutron stars [210]. PBHs must be small enough to escape detection but also large enough not to
be evaporating today, otherwise we would detect the gamma-ray emission associated with their
demise. Direct and indirect experimental limits on PBH abundances inferred from impacts on
Earth and astrophysical observations are discussed further in Section 7. All these constraints put
together indicate that PBHs cannot be the dominant constituent of dark matter in the Universe.
Small black holes not only interact gravitationally with the surrounding matter, but also
electromagnetically if they posses electric charge. This is discussed in Section 3.2.5.
2.3.3. Black hole remnants
The end point of the evolution of black holes is unknown, as the objects will shrink to the
size associated with the fundamental length scale of quantum gravity. The Hawking description
for the quantum thermal emission of particles from black holes ceases to apply as the black hole
reaches the Planck mass, MPl = [~c/G]1/2 = 1019 GeV = 2 ·10−5g, since the size of such a black
hole is comparable to its Compton wavelength.
There are cogent arguments for the existence of black hole remnants, i.e., assuming that the
black hole does not radiate away to ordinary stable particles and vacuum. A generic problem for
black holes is how information stored behind the horizon can be emitted via Hawking radiation.
Either this occurs, in which case there needs to be some blurring of space-time locality near the
horizon, or it does not, in which case whatever is left at the end point of black hole evaporation
must contain all the information associated with the particles that came together to form the
black hole in the first place. The latter situation has led to the idea that Hawking evaporation
stops at the last minute, leaving behind a stable kernel. One such possibility is based on the
“Generalised Uncertainty Principle” (GUP) [211, 212]. In this approach the usual uncertainty
relation is replaced by ∆x > ~/∆p + l2Pl∆p/~, where the second term accounts for self-gravity
effects. This results in the evaporation ceasing at the Planck mass, leaving a stable remnant.
Further arguments for the existence of remnants have been predicated on black holes with axionic
charge [213], the modification of the Hawking temperature due to magnetic monopoles [214] or
quantum hair [215]. The coupling of a dilaton field to gravity can also yield relics, with detailed
features depending on the dimension of space-time [216].
The Planck mass remnants of vaporising PBHs would be expected to contribute to the dark
matter budget of the Universe [217]. This possibility has been explored for a number of infla-
tionary scenarios [218–222]. If reheating occurs at temperature TR and the relics have mass
κMPl, then the requirement that the PBH remnant density is less than the dark matter density
ΩCDM implies β
′(M) < 2× 10−28κ−1(M/MPl)3/2, for the mass range (TR/TPl)−2 < M/MPl <
1011κ2/5 [223]. It is possible to construct scenarios in which Planck mass PBH relics are capable
of producing the observed dark matter density and baryon asymmetry of the Universe.
Assuming that PBH remnants ionise matter, e.g., because they carry electromagnetic charge,
constraints on their cosmic flux can be inferred from ionisation array experiments (Section 6.2
and Table 4). However, none of these searches has been explicitly interpreted for PBH remnants.
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SMP mass range main search method
in cosmic rays in matter
X−, X−− < MPL time-of-flight mass spectrometry
radiochem. properties
X+, X++ < MPL time-of-flight mass spectrometry
atomic spectroscopy
X0 < MPL nuclear recoil mass spectrometry
fractional charge < MPL low ionisation levitometer
high rigidity oil drop
dark atom < MPL nuclear recoil anomalous meteoroids
monopole < MPL time-of-flight induction
high ionisation
Cherenkov
nucleon decay
charged Q-ball < MPL high ionisation —
neutral Q-ball < MPL nucleon decay —
quark matter < 1033 g spectrometry mass spectrometry
high ionisation heavy-ion activation
seismic signals
grav. lensing
fermion star 1023 − 1030 g grav. lensing —
prim. black hole 1015 − 1035 g grav. lensing —
bursts
black-hole remnant < MPL ionisation —
Table 1: Summary of the properties of a range of SMPs that have been proposed in the literature. Note that
MPL refers to the Planck scale
2.4. Summary
Table 1 summarises the properties of SMPs that have been proposed and which are discussed
in this Section. It shows the approximate SMP mass range expected from theoretical scenarios.
Where an upper SMP mass limit is not prescribed by theory, the Planck mass MPL is assigned.
The main search methods are also shown.
Many SMPs provide dark matter candidates which are superheavy in most of the cases. The
charged SMPs in bound states which involve sometimes ordinary particles can give neutral dark
matter constituents. Some constituents could remain charged and still satisfy the dark matter
candidates requirements [224].
A wide range of experimental techniques must be employed to investigate the whole spectrum
of different SMP types. These will be described in detail in Sections 4−7.
3. Interactions of SMPs with matter
3.1. Ionisation energy loss for electrically charged SMPs
For high velocity SMPs, the energy loss in matter of density ρ g/cm3 will be dominated by
interactions with the atomic electrons, which can be considered as quasi-free at such velocity.
Here, high velocity is such that the maximum kinetic energy transferred in a collision with an
electron, 2meV vF , is much greater than the energy required to excite the atoms in the material.
Here, me is the electron mass, V the velocity of the SMP and vF ∼ 2 × 106m/s is the Fermi
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velocity of the electrons when treated as belonging to a Fermi gas. In this regime, the stopping
power is given by the familiar Bethe-Bloch equation for a particle moving with velocity β = V/c
and γ =
√
1/(1− β2) [1]:
−1
ρ
dE
dx
= 4pi
ZNA
A
z2e4
mec2β2
(
1
2
ln
2mec
2β2γ2Tmax
I2
− β2
)
, (10)
where z is the charge number on the SMP, e is the electronic charge, Z and A are the atomic
number and mass of the material, respectively, NA is Avogadro’s number, Tmax = 2mec
2β2γ2
is the maximum kinetic energy that can be transferred in a collision with a stationary electron
and I is the average ionisation potential of the atoms of the material. The latter is roughly
parameterised as I(Z) = (12Z+7) eV for Z ≤ 13 and I(Z) = (9.76Z+Z−0.19) eV for Z > 13 [225]
(more recent values of I can be found in Ref. [1]). Note that we have assumed that the SMP
of mass M is sufficiently heavy that terms in powers of me/M are negligible. In addition, we
assume that the SMP moves with velocity βγ < 10 so that density effects in the material can be
neglected.
For lower velocities, β < αz1/3/(1 + αz), where α ∼= 1/137 is the fine structure constant,
the atomic binding energy is such that the atomic electrons can no longer be treated as quasi-
free. Here, the Bethe-Bloch formula breaks down. The stopping power was derived in this
velocity regime in a series of papers by Lindhard et al. [226]. They treat the atomic electrons
as a degenerate Fermi gas and include the energy loss due to collisions with the nucleus. The
stopping power then becomes
−1
ρ
dE
dx
= 8pi~c
NA
A
a0
zZ
(z2/3 + Z2/3)3/2
β, (11)
where a0 is the Bohr radius of the hydrogen atom.
The velocity range between the two described by Eqs. 10 and 11 is usually joined smoothly by
a cubic polynomial with coefficients chosen by solving the four simultaneous equations obtained
by equating the values of dE/dx and d(dE/dx)/dβ at the two boundaries [225].
The region of applicability of the Bethe-Bloch formula is well tested and the formula is found
to be accurate to within a few percent. The lower velocity region described by Eq. 11 is found
to agree with heavy ion measurements [227, 228] to within 10% over most of the velocity range
but with occasional larger disagreements [225].
3.2. Other sources of energy loss for electrically charged SMPs
In addition to a point-like electrically charged SMP, a number of putative composite SMP
candidates exist in the literature. The presence of inner structure influences the scattering cross
sections and energy loss as the SMP propagates through matter. In this section, interactions of
the most widely sought composite SMPs are described.
3.2.1. Hadronising SMPs
As has been seen in Section 2.1.2, if the requirement of a SUSY WIMP candidate is relaxed,
then SUSY admits a range of supersymmetric particles that can provide SMP candidates [2].
Non-WIMP LSPs are one way in which SMPs can arise in SUSY scenarios. Properties of puta-
tive states formed by hadronising massive coloured particles, such as R-hadrons in the context
of SUSY, have been extensively studied [229–232]. Of particular relevance to this work are the
predicted mechanisms through which R-hadrons scatter. From considerations of perturbative
QCD, the heavy particle would largely act as a spectator, with the light quarks being the active
participants. Based on analogies with low energy hadron-hadron data, a cross section of order
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10 mb would be expected for scattering in matter. Such interactions would also be characterised
by low energy loss (∼ 1 GeV) per collision. Charge exchange reactions are also expected and,
based on estimates of the low lying R-hadron mass states, R-hadrons containing gluinos and
sbottom-type quarks would be expected to become neutral after around ten interactions. Fol-
lowing repeated scattering, a R-hadron with a net positive charge would only be expected for a
hypothesis of stable stop-like quarks. Owing to the approximate spin-independence of the mass
hierarchies of states containing a heavy coloured object, the aforementioned results are also valid
for non-SUSY exotic hadrons that could arise.
3.2.2. Mirror matter
The simplest model of dark atoms is that of mirror particles with exactly the same properties
as Standard Model particles but with V +A weak interactions instead of V −A (see Section 2.1.4).
A mirror atom would interact only very weakly with ordinary matter. In addition to gravitational
interactions, this can also happen through a tiny kinetic mixing χ between the photon and the
mirror photon: mirror charged particles would then act as ordinary particles with charge χe.
However, mirror atoms would interact among themselves in the same way as ordinary atoms do,
thus allowing (in certain conditions) for the formation of macroscopic objects such as mirror stars,
mirror dust, mirror rocks, etc. [45]. The large number of mirror atoms present in mirror bodies
would result in strong interactions with ordinary matter. Using a kinetic mixing parameter
χ = 10−9 (allowed by current constraints [62]), a mirror matter body impacting the Earth would
experience a significant drag force proportional to the total number of molecules within the
body [65]. The repulsion force between a mirror body and ordinary matter could be sufficient
to counteract the Earth’s gravitational force (thus allowing for mirror fragments to stay on the
Earth’s surface), and conversely ordinary dust impacting a mirror body could be slowed down
and remain embedded inside the body or accumulate on its surface.
3.2.3. Strange quark matter
As mentioned in Section 2.1.5, strange quark matter would comprise roughly the same number
of up, down and strange quarks. SQM systems can be stable for baryon numbers between those
of ordinary nuclei to those of neutron stars (A ∼ 1057). Two specific types of strange quark
matter are typically sought: strangelets and nuclearites.
Strangelets are small (A < 107) SQM systems. The energy loss in matter is expected to
resemble that of heavy ions. However, strangelets would have a far lower charge-to-mass ratio
than heavy ions. Typical values are ZA ∼ 0.1 (for A 103) and ZA ∼ 8A−
2
3 (for A 103) [233].
Anomalous charge-to-mass ratios in the cosmic radiation can be sought at balloon or space-borne
spectrometers (see Section 6.6). There are large uncertainties in the propagation of strangelets
in matter (e.g. the atmosphere). In one approach, the strangelet mass is reduced following
collisions with molecules [234], whereas another approach [235] posits that the mass and charge
increase following the accretion of nucleons.
Nuclearites are large (A > 107) and are electrically neutral atom-like systems of nuclear
density. They would be expected to possess a electron cloud around the core which, for A > 1015,
would be largely contained within the nuclear matter. They are generally assumed to have a
typical galactic velocity of β ∼ 10−3. The dominant types of interactions in matter would be
elastic and inelastic collisions. The energy loss [69] is given by
dE
dx
= −σρβ2, (12)
where ρ is the material density, v is the nuclearite speed and σ is the nuclearite’s geometric cross
section. Different expected values for σ can be found in Ref. [69]. The energy loss is such that
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nuclearites would be visible. Interactions in transparent matter (e.g., scintillators and water)
have been used in searches. It would be expected that nuclearites moving slowly through water
would give rise to a thermal shock, emitting black-body radiation and producing a large visible
photon yield. Energy loss leading to damage in plastic track detectors is also expected (see
Section 6.2). Nuclearites with masses of the order of 1 g or larger would melt rock and produce
acoustic/seismic signals when colliding with the Earth or the Moon (see Section 7.2.1).
3.2.4. Q-balls
Some extensions to the SM predict Q-balls as non-topological soliton solutions (see Sec-
tion 2.3.1). Two classifications are typically made. Q-balls can be supersymmetric electrically
charged solitons (SECS) or supersymmetric electrically neutral solitons (SENS), each with dif-
ferent scattering properties. The SENS variety largely interacts in matter via the catalysis of
nucleon decay leading to pion production and has been sought at nucleon decay experiments [236].
Interactions of a SECS in matter could lead to the Q-balls obtaining a net positive charge in the
interior of the particle although the net charge of the object could be neutralised by the acquisi-
tion of a surrounding electron cloud. The Q-ball would then possess an atomic size (∼ 10−10m)
with a heavy nucleus. Interactions of Q-balls would then proceed via electromagnetic and nu-
clear processes, with the latter being due to reactions between the Q-ball core and nuclei in the
medium. As Q-ball interactions would resemble those of nuclearites (Section 3.2.3), cosmic-ray
experiments typically search for both types of exotic objects [237, 238]. More details of such
searches are given in Section 6.2.
3.2.5. Small black holes
Hawking radiation is the dominant energy loss mechanism for black holes with masses smaller
than 1015 g passing through matter. Other than Hawking radiation, there are two primary energy
loss mechanisms for small black holes: absorption, and ionisation from the gravitational pull.
Absorption losses result from the increase in mass of the black hole as atoms cross within its
Schwarzschild radius, which, for a black hole the mass of a planet, a mountain and a person, is
the size of a golf ball, a neutron, and a neutrino, respectively [239]. More important for detection
purposes are the ionisation losses induced at large distance by the gravitational pull, which, for
black-hole masses larger than 1015 g, always results in a large transfer of kinetic energy from the
black hole to the atoms of the detector materials [239]. Such deformations could potentially be
observed in the form of high-ionisation tracks, tubes of melted rock, sound waves, and seismic
signals [240] (see Section 7.2.1).
Much lighter neutral black-hole remnants (Section 2.3.3) should interact very weakly with
matter, since they neither radiate nor produce significant ionisation in their wake.
3.3. Energy loss for magnetic monopoles
As with electrically charged particles (Section 3.1), the major contribution to the energy loss
of magnetically charged particles with velocities βγ < 104 is interactions with atomic electrons
and nuclei. Such interactions transfer small amounts of energy at each collision so that the
stopping power dE/dx, and hence the range, is well defined.
For velocities βγ < 104, the stopping power of monopoles in material is estimated by analogy
to the treatment of the stopping power for charged particles in matter. For velocities greater
than this, energy losses are dominated by stochastic processes, in which it is possible to lose a
large amount of energy at each collision.
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10−1 < βγ < 104
At these velocities the atomic electrons can be treated as quasi-free and a version of the Bethe-
Bloch formula is appropriate [241, 242]. However, since the force between the monopole and an
electron is the velocity-dependent Lorentz force (rather than the velocity-independent Coulomb
force, as in the case of charged SMPs), the 1/β2 term cancels. The modified Bethe-Bloch formula
for magnetic monopoles is then [241, 242]
−1
ρ
dE
dx
= 4pi
ZNA
A
g2e2
mec2
(
ln
2mec
2β2γ2
I
+
K(|g|)
2
− 1
2
−B(|g|)
)
. (13)
Here, g and e are the magnetic pole strength of the monopole and electronic charge, respectively,
and I is the mean ionisation potential of the atoms of the material (see Section 3.1). The terms
K(|g|) and B(|g|) are numerical factors that depend on the magnetic monopole pole strength.
They are given by B(|g|) =0.248 (0.672), K(|g|) =0.406 (0.346) for magnetic pole strength 137e/2
(137e). The density effect correction is again neglected. (Details of this correction are given in
Refs. [241, 243]).
10−3 < βγ < 10−2
The situation is less definite for monopoles at lower velocities. Indeed, no theory exists for the
intermediate region 10−2 < β < 10−1. The region β < 10−2 is discussed quantitatively in papers
by a number of authors [241, 242, 244–249]. A comprehensive treatment is given in Ref. [249].
Ahlen and Kinoshita [244] used the theory of Lindhard [226] as applied to slowly moving
charged particles to compute the stopping power of lower velocity magnetic monopoles in the
range 10−3 < β < 10−2. This gives the stopping power in nonconductors as
−1
ρ
dE
dx
= 2pi
ZNA
A
g2e2β
mecvF
(
ln
2mevFa0
~
− 0.5
)
, (14)
where vF = (~/m)(3pi2ZNA/A)1/3 is the Fermi velocity.
A further correction is necessary for the conduction electrons in metallic solids (such as in
the Earth’s core); see Ref. [249] for details. Furthermore, the intense magnetic field of magnetic
monopoles is expected to shift the atomic energy levels by the Zeeman effect. The shifts in
energy are so great that the levels can cross, allowing transitions between them. Such transitions
cause the monopole to lose energy [247]. This was shown to increase the stopping power by an
order of magnitude compared to the results from Lindhard theory for hydrogen and helium for
β > 3 · 10−3 [247]. However, the effect has not been studied for other materials and is not taken
into account in Eq. 14, implying uncertainties in it.
βγ < 10−3
In this regime the energy loss occurs mainly through elastic collisions with atoms, mediated
by interactions between the magnetic dipole moment of the atom and the magnetic field of
the monopole. This leads to differences in stopping power for paramagnetic and diamagnetic
materials.
The atoms of paramagnetic substances have a fixed, permanent magnetic dipole moment
χ = gJ
√
J(J + 1)µB , where µB is the Bohr magneton, gJ is the Lande splitting factor and J is
the total angular momentum quantum number of the atom. The potential energy of a monopole
in the field of a magnetic dipole follows a 1/r2 behaviour. For scattering in such a potential, the
stopping power becomes
dE
dx
=
∫ Emax
0
NE
dσ
dE
dE = χ
~geµ0N
m
< Jz >√
J(J + 1)
, (15)
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i.e.,
dE
dx
= χµBµ0gN
< Jz >√
J(J + 1)
, (16)
whereN is the atomic density, Jz and J are the angular momentum quantum numbers of the atom
and Emax is the maximum energy transferred to the atom in a single collision (corresponding to
an atomic velocity of 2β). Note that this value is independent of the monopole velocity.
For diamagnetic materials the induced dipole moment depends on the distance between the
monopole and the dipole. The scattering of a monopole from such an atom is more complicated
and it is necessary to consider the detailed atomic structure. This is described in detail in
Ref. [249].
βγ > 104
At very large velocities (βγ > 104), stochastic processes such as bremsstrahlung, pair produc-
tion and hadron production dominate the energy loss of a monopole. Photonuclear interactions
by strong interactions are the largest contributor of these for materials with moderate values of
atomic mass (such as rock), with a smaller contribution from pair production. In contrast pair
production is the dominant process in materials with high atomic number Z. The contribution
from bremsstrahlung is small and is usually neglected.
Such stochastic processes mean that the energy loss per unit path length is dominated by
either single or small numbers of collisions with the possibility of a large energy transfer in
each collision. The stopping power and the range are therefore not well defined. Therefore,
experiments in this velocity region must compute the probability of the loss of a monopole in
traversing the material surrounding the detector and correct for it in the detection efficiency.
Searches for ultra-relativistic monopoles in this energy regime have been made by, e.g., the
RICE [250] and ANITA [251] collaborations. To compute the detection efficiency they use the
interaction cross sections for stochastic processes computed for high velocity muon and tau
leptons [252]. To allow for the stronger coupling due to the large effective charge of a monopole,
the cross sections are multiplied by the square of the equivalent Dirac charge (137e/2), i.e., by
4700.
It should be noted that the cross sections for interactions of charged leptons by these stochastic
processes were derived from perturbation theory, which requires small coupling constants. This is
quite reliable for charged leptons. However, for magnetic monopoles the coupling constant is very
large and perturbation theory is almost certainly invalid. Better non-perturbative calculations
are desirable for these processes. For example, treating the monopole as a flux of virtual photons
by the Weizsa¨cker-Williams method could lead to a non-perturbative calculation of the cross
sections for stochastic processes [253].
3.3.1. Range of monopoles in matter
The range was computed by integrating the stopping power:
R =
∫ E
Emin
dE
dE/dx
. (17)
In principle the value of the minimum kinetic energy Emin should be zero. However, the stopping
power is unknown for velocities β < 10−5. Here, Emin was taken to be the kinetic energy
corresponding to β = 10−6 and the stopping power was extrapolated to this value from the
curves in Ref. [249]. The loss of range due to this approximation is quite small for paramagnetic
materials such as iron since the stopping power becomes roughly independent of velocity at very
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low velocity. However, the loss leads to considerable uncertainty for low velocity monopoles in
diamagnetic materials such as silicon since the stopping power falls strongly with velocity.
The monopole range/mass ratio is independent of the mass. The computed values of this
ratio, using the values of stopping power from Ref. [249], are shown in Fig. 3 as a function of the
velocity factor βγ = P/M for a monopole of mass M and momentum P . For values of βγ > 10
the variation is linear following the form
R
M
= k(βγ)0.909, (18)
with the constant k=0.136 (0.150) for silicon (iron). The ranges for silicon for βγ < 10−3 are
rather uncertain due to the sensitivity to the assumed minimum kinetic energy, Emin. However,
they are relatively insensitive to this assumption for higher values of βγ.
Figure 3: The ratio of range/mass for Dirac monopoles in iron and silicon as a function of monopole velocity
factor βγ. The range is computed from the stopping powers given in Ref. [249] and it is defined as the thickness
of material to slow the monopole to a speed β < 10−6.
For dyons (particles with both magnetic and electric charges) the stopping power is increased
relative to that for a magnetic charge alone and depends on the electric charge strength [249].
The stopping power also depends quadratically on the magnetic pole strength. For example,
if the fundamental unit of charge were e3 (i.e., the d quark) then the magnetic pole strength
could be three times stronger than the Dirac monopole strength described above. In this case
the stopping power would be increased by an order of magnitude compared to that for a Dirac
monopole. There would then be a corresponding decrease in the computed range.
An alternative way to present the range is shown in Fig. 4. This shows the range of a Dirac
monopole (charge 137e/2) as a function of mass for different values of βγ up to the value where
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energy loss from stochastic processes becomes significant. The horizontal lines show the sizes of
various objects that act as targets in which monopoles could potentially stop.
Figure 4: The ranges of Dirac magnetic monopoles as a function of the monopole mass for different values of
βγ, for velocities below which stochastic processes make little contribution to the monopole stopping power. The
horizontal lines show the widths of various possible stopping bodies for the magnetic monopole.
3.3.2. Monopole binding
An understanding of monopole binding in matter is important in view of the many searches
have been undertaken for trapped monopoles (see Section 5).
Classical electrodynamics ensure that a monopole would be attracted to the surface of a
ferromagnetic material by a mirror image force (in the same way an electrically charged object
sticks to the surface of a conductor), resulting in a binding energy of at least 50 eV [254]. Fer-
romagnetic materials will thus trap monopoles regardless of assumptions about the interactions
within the material.
When coming to rest in matter, monopoles would be expected to bind to atoms or nu-
clei through interactions with dipole magnetic moments. The chemical potential of the atom-
monopole molecule allows for bound states with ∼ 1.5 eV binding energy [255, 256]. The binding
of monopoles to atomic nuclei has been discussed by several authors [248, 257, 258]. All show
that the binding energy of a monopole to an spin-1/2 nucleus is strong, with values varying from
several keV to MeV. Nuclear form factors affect the binding [259] but the binding energy and
capture cross section remain large. Monopoles that slow down in matter are therefore likely to
become attached to an atomic nucleus in the material, tearing it from its lattice. The slowing
down will then continue until the nucleus-monopole system settles into thermal equilibrium with
28
the lattice. Here it is likely to be at least as tightly bound as the original nucleus. Once a
monopole becomes bound to a nucleus inside an atomic lattice, it is likely to be very difficult to
dislodge it [258].
In the presence of monopoles in the early stages of the Universe, bound states of monopoles
and nuclei would likely be formed [150, 248]. The possibility that cosmic monopoles could be
attached to a proton or a nucleus when impacting the Earth needs therefore to be considered in
searches.
4. Searches for heavy isotopes of matter
Several basic hypotheses motivate searches for SMPs trapped in matter. Should SMPs be
produced in cosmic-ray interactions or exist as cosmic relics, then an observable concentration
could accumulate at the surface of the Earth. In this respect the Earth can be regarded as an
SMP-absorber over its ∼ 3 · 109 year lifetime. Depending on the properties of the SMP, it can
form heavy isotopes of the known elements. An analogous example of a production process for
an SMP is given by that of cosmic-ray-induced tritium (T). This radioactive heavy isotope is
observed as an approximately uniformly distributed concentration (of size ∼ 10−17 with respect
to H2O). SMPs can also arise as relics from the Big Bang that were present at the time of
formation of the Earth.
A basic and frequently sought SMP is an object with the elementary charge +e, denoted
X+ [260–267] (see Section 2.1.2). Depending on its interaction properties, this object would act
as a heavy positively charged nucleon and can thus form heavy isotopes. The simplest case would
be for X+ to form a heavy hydrogen nucleus, which would capture an electron, leading to an atom
with similar chemical properties as observed for hydrogen. Anomalous water molecules HXO
would then be formed. Objects with neutral, higher or negative charges, i.e., X0, X++, X−,
would behave similarly and form putative heavy isotopes, e.g., He (X0ppnn, X++,X−pppnn)
and Li (X0pppnnn,X−ppppnnnn). In the case of a negatively charged SMP, X−, electromagnetic
binding would be expected to occur with a nucleus. The Bohr orbit would typically lead to the
SMP effectively existing inside the nucleus. If such an SMP were to bind with a nucleus of atomic
number Z, it would lead to an atom with similar chemical properties as expected for the element
with atomic number Z − 1. A neutral SMP, X0, could bind were it to interact strongly in the
manner of a neutron.
Fractionally charged objects (see Section 2.1.3) with charges ± 2e3 and ± e3 (commonly referred
to as free quarks in the literature) are also hypothesised. Should they bind to atoms, they would
lead to the unique property of atoms that are not electrically neutral. This feature is often
used in searches [41]. Searches for fractional charge in matter are not described here, but an
up-to-date review can be found in Ref. [42].
In this section the different experimental techniques are catalogued [268] and a description
given of selected searches. A comprehensive summary of the results of the body of work performed
in this area is given in Table 2 in Section 4.9.
4.1. Experimental techniques
The range of techniques used to search for SMPs trapped in matter include mass spectrom-
etry, Rutherford back-scattering, atomic spectroscopy, gamma-ray emission and radiochemical
analysis. Each of these techniques is described below. It should be noted that the various tech-
niques are complementary. When taken together, the different technologies typically provide a
sensitive mass range spanning the GeV scale up to ∼ 108 GeV.
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4.2. Choice of materials
A wide range of materials have been used. These are selected according to their availability,
the potential of SMPs to stop in them, and the underlying hypotheses that anticipate stopped
SMPs with potentially visible or enhanced concentrations. The following material types have
been explored:
• Water. Owing to its near ubiquity, samples of water have been frequently used [263,
264, 266, 267]. Furthermore, the most simple SMP, X+, would be expected to readily
form anomalous water. Another advantage to using water is that enrichment factors of
up to ∼ 1012 have been achieved for heavy particles via electrolysis and/or centrifugation.
However, uncertainty remains owing to the circulation of heavy SMPs in water. Some
searches have sought SMPs at large ocean depths [267].
• Rare gases. Helium is naturally depleted from the Earth’s atmosphere due to its escape
into the exosphere, which would ensure enhanced concentrations of anomalously massive
He isotopes [269]. Likewise, the concentration of stable radon isotopes in air would be
enhanced due to the short lifetime of natural Rn (a few days) [270].
• Non-gaseous elements. A number of searches have taken place for low SMP concentra-
tions among elements such as Be, O, C, N, Na, Fe and Pb [265, 271–276].
• Lunar rocks. Unlike the aforementioned material types, searches with moon rock are
limited due to sample availability. Such searches [277, 278] are motivated by the absence of
large-scale chemical and geological changes over eons in the upper layers of lunar surface.
Searches in lunar soil thus permit the conversion concentration limits into cosmic flux limits,
while the complexity of SMP propagation in the Earth’s atmosphere and oceans leads to
more unambiguous interpretations [235]. Strangelet flux limits from searches in lunar
samples are competitive with searches at balloon or space-borne spectrometers [278, 279]
(see Section 6.6 and Fig. 16).
• Meteorites. Searches in meteorites [280] are attractive because meteoric material has
generally not been subjected to chemical differentiation. Massive SMPs which were trapped
in the matter from which the Solar System condensed would likely have sunk to planetary
cores during planet formation and therefore would be expected to be mostly absent from
the Earth’s and Moon’s crusts. As discussed in Section 5.1.2, the same argument also
motivates dedicated searches for monopoles in meteorites.
Somewhat surprisingly, no searches have been made for electrically charged SMPs trapped in
matter at high-energy colliders.
4.3. Mass spectrometers
Most searches have used the mass spectrometer (MS) method [260, 261, 263–265, 267, 271,
278, 281, 282]. The results typically do not depend on the modelling of the SMP scenario, but
rather on the hypothesis of binding leading to an anomalously high isotope mass. A spectrometer-
based experiment is schematically sketched in Fig. 5. Following enrichment for SMPs (e.g., via
electrolysis), ionised samples are collimated, focused and ultimately separated by a magnetic field
prior to passing to a detection system. Accelerator mass spectrometry (AMS) is an extension
of the MS method in which the ions, following passage through an initial separating magnet,
are subsequently accelerated in a tandem accelerator and ultimately separated by a further
magnet before emerging onto a detection system. In both cases, time-of-flight systems can also
be utilised as a means of further suppressing backgrounds. Lower and upper mass limits are
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typically determined by the experimental configuration. For example, the detection system can
employ counters at various locations corresponding to ranges of SMPs with specific masses.
SMPs with masses up to 104 GeV have so far been sought.
Ionisation
D
e
t e
c t
o
rMagnetic field
Enrichment
Ionisation
Magnetic field
Enrichment
Detector
Collimators
Mass spectrometer
Accelerator mass spectrometer
Collimators
Figure 5: Schematic diagram of the various steps in the experiment.
The most stringent limits on the concentration of SMPs was published in Ref. [263, 264].
A sample of enriched heavy water (D2O) of size 2 · 10−5 l was extracted from a starting water
sample of size 108 l using multi-step electrolysis. It was estimated that around 10% of SMPs
with charge +e would survive the enrichment process. This step is estimated to correspond to
an enrichment factor of 6 · 1011. The sample was then processed within a mass spectrometer.
No heavy candidates were observed. This allowed an abundance limit of XD ∼ 10−16 − 10−17 to
be calculated for the sample. Taking into account the enrichment factor, this limit is reduced
to XD ∼ 10−28 − 10−29. This limit applies to a mass range of ∼10−1000 GeV. A complementary
means of establishing a limit is via a comparison of the densities of the enriched and unenriched
samples. Since the densities are consistent within an accuracy of 10% a limit of XH ∼ 10−14−10−17
can be inferred. This limit nominally extends up to a mass of∼ 106 GeV, although the electrolysis
theory used above may not be valid for higher masses, and gravitational effects may have depleted
the original surface water sample from very massive SMPs.
4.4. Atomic spectroscopy
Searches made using atomic spectroscopy [266, 272, 273, 283, 284] are sensitive to any type
of SMP as long as it can bind to form a heavy anomalous isotope. The excitation spectra of this
isotope would be similar in structure to that of the lighter isotopes albeit at shifted frequencies.
The frequency shift vMS of a given transition between an isotope of mass M and one of infinite
mass is given by
δvMS = −FMS
M
(19)
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Figure 6: Left: the measured line spectra corresponding to the 3He transitions 23S1,F=3/2 → 23P2,F=5/2 and
23S1,F=1/2 → 23P2,F=3/2. The former (latter) transition corresponds to the stronger (weaker) signal. Right:
Distribution of the amplitude, in fixed windows of frequency, of a signal possessing the lineshape given in the left
plot. Data outside of the dashed lines correspond to 5% of the total sample of amplitude measurements. The
Figure is from Ref. [283]
Here, the coefficient FMS depends on the given transition. Since the mass shifts depend on
1
M atomic spectroscopy searches can in principle extend to arbitrarily large masses. In practice,
factors such as resolution and gravitational effects lower the mass sensitivity.
Searches for anomalous atomic transitions due to SMPs have been made with hydrogen
extracted from sea water [266], sodium [272, 273], and helium taken from air [283]. A brief
description of Ref. [283] is given below to highlight the underlying principles of this type of
search.
In Ref. [283] doubly charged SMPs which would form Helium-like particles were sought.
Heavy helium would be expected to behave in a similar manner to the other noble gases, such as
neon and argon, and remain in the atmosphere, while the light helium atoms would be depleted.
Air samples, as used in this search, therefore provide a promising way to look for heavy helium.
The line shape of the well studied transition 1s2s 3S1 → 1s2p 3P2 was used in the search.
Following a purification procedure, helium from air was exposed to a RF-discharge to populate
the 1s2s 3S1,F=3/2 and
3S1,F=1/2 states. Frequency-modulation saturation spectroscopy with a
laser was then performed to look for transitions arising from the depopulation of this state.
Figure 6 (left) shows the line shape for the 3He transitions 23S1,F=3/2 → 23P2,F=5/2 and
23S1,F=1/2 → 23P2,F=3/2. The former (latter) transition corresponds to the stronger (weaker)
signal. The 3He deexcitation lineshape was used as a template to look for signals of heavy
isotope transitions at anomalous frequencies. The best fit of the template to the data for a
given frequency interval was used to give the frequency-dependent amplitude of a possible heavy
isotope signal. The distribution of amplitudes is given in Figure 6 (right). From these data
it was concluded, to a 95% confidence level, that no transition with an amplitude larger than
7.9× 10−2 times the 3He amplitude is present over the studied range in frequency. The sensitive
mass region extends up to 104 GeV, beyond which Doppler shift effects may change the signal
shape. The data correspond to a mass-dependent limit on the concentration of SMPs of type
X++ per nucleus in the Solar System of 10−17 − 10−13.
4.5. Radiochemical properties
Searches for negatively charged particles with masses less than ∼ 105 GeV were performed
under the assumption that they would bind to positively charged nuclei and doing so reduce the
nuclear charge by one unit [275, 276, 285]. For instance, an X− particle could bind to nitrogen
to form an isotope 6(
14NX−): assuming only electromagnetic interaction between the SMP and
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the nucleus, the bound state would have the nuclear properties of nitrogen but the chemical
properties of carbon and thus would exist in a carbon sample [285]. The same principle was
also employed using samples of manganese (for probing FeX−) [275] and thallium (for probing
PbX−) [276]. In the carbon search [285], a sample of reactor grade graphite was irradiated
with neutrons such that 5(
14CX−) would be formed in an analogous way to the reaction of 14N
with neutrons to form 14C. After irradiation, the sample was dissolved by chemical processes in
which boron atoms were separated and impurities which could give rise to radioactive activity
were removed. The decay properties of the nuclei within the sample was then studied. The
particle 5(
14CX−) would be expected to have the chemistry of boron but also emit β particles
with energies around ∼ 0.8 MeV; due to coulomb effects, the half-life would be shorter than
ordinary 14C, around 15 years. No such decay was observed, and limits of the abundance of X−
per nucleon of less than ∼ 2 · 10−15 were obtained.
4.6. Gamma rays following neutron absorption
A search for anomalous very tightly bound states of nuclei was made in [270]. An atmospheric
xenon sample was prepared in which it was assumed that the anomalous radon would also be
present. This was exposed to a thermal neutron beam and high energy photons in the energy
range 20−250 MeV were sought. The hypothesis here is that radon-like heavy nuclei would absorb
hadronic matter and release energy in the form of particles. A radon-like element was considered
owing to its large expected abundance in the atmosphere and its enhanced concentration due
to the absence of stable isotopes of radon. No evidence for anomalous gamma-ray emission
was found and a limit of 10−29 per atom of silicon was set on the terrestrial concentration of
anomalous radon-like isotopes of matter.
4.7. Rutherford back scattering
The Rutherford back scattering method is based on the same principle used to discover the
atomic nucleus, namely, that back scattering will occur due to interactions of a light object in the
vicinity of a stationary heavy object. At GSI in Germany, a 238U beam impinged on a number
of samples, such as meteorites [286]. The beam energy (1.4 MeV per nucleon) was lower than
the expected Coulomb barrier in order to ensure elastic collisions. Exotic particles with masses
as high as 107 GeV were sought; the upper mass limit arises in the case of strangelets due to the
potential screening of a nuclear charge by electrons. In addition, a 244Pu target was used. Since
244Pu has a finite half-life ( 8 · 107 years), anomalous particles would be enriched (with a factor
1017) with respect to terrestrial Pu atoms.
4.8. Heavy-ion activation
One method which relies on the strangelet hypothesis is to irradiate the sample with a heavy-
ion beam and monitor for photon emission in the GeV range which would be expected in a
model of strange quark matter [287]. One search applied this method to samples of nickel ore,
meteorites, and lunar soil [279].
4.9. Summary
A number of inventive searches utilising a range of techniques has been performed for exotic
isotopes in matter. A summary of concentration limits is presented in Table 2. Many experiments
have been specifically interpreted for strangelets [284, 288–290] although the majority can be
regarded as searches for generic SMPs with specific masses and electric charges which bind to
form superheavy nuclei.
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Sample Method SMP Mass range (GeV) Concentration limit Ref.
D2O MS X
+ 6− 16 3 · 10−18 (H) [260]
D2O MS X
+ 6− 350 4 · 10−22 − 2 · 10−21 (H) [263]
D2O MS/TOF X
+ 12− 1200 2 · 10−29 − 2 · 10−28 (H) [264]
H2O spectroscopy X
+ 104 − 107 6 · 10−15 (H) [266]
H2O MS/TOF X
+ 5− 1600 4 · 10−17 (H) [267]
H,D MS X+ 0.3− 8 2 · 10−19 − 10−13 (H) [261]
D,Li,Be,
B,C,O,F MS X 102 − 104 10−23 − 10−9 (nucleon) [265]
He,Ar MS X++, X 42− 82 2 · 10−12 − 2 · 10−11 (nucleus) [281]
He spectroscopy X++, X 20− 104 10−17 − 10−12 (nucleus) [283]
Na spectroscopy X 102 − 105 7 · 10−12 (nucleon) [272, 273]
lunar soil MS X 42− 70 6 · 10−17 − 5 · 10−12 (nucleus) [278]
O MS X 20− 54 10−16 (nucleon) [271]
chondrites,
nickel ore, activation strangelet 2 · 103 − 108 4 · 10−17 − 10−13 (nucleon) [279]
lunar soil
Au MS X < 1.7 · 103 6 · 10−12 − 10−8 (nucleus) [282]
meteorite MS X < 647 6 · 10−9 − 10−8 (nucleus) [282]
Rn gamma X ∼ 150 10−29 (nucleus) [270]
C radiochemistry X− < 105 2 · 10−15 (nucleon) [285]
Fe radiochemistry X− < 104 2 · 10−12 (nucleon) [275]
Pb radiochemistry X− < 104 3 · 10−13 (nucleon) [276]
Pu,
meteorites, back scattering X 4 · 102 − 107 10−17 − 10−11 (nucleon) [286]
sediments
Table 2: Summary of published concentration limits (95% confidence level) obtained in experiments probing for
heavy isotopes of matter.
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Figure 7: Early (prior to 1983) searches for monopoles in matter were based on the hypothesis that monopoles
may be created as secondary products in high-energy cosmic ray collisions, or may themselves be a component
of the cosmic rays. They were assumed to possess a mass around the GeV-TeV scale, in which case they would
quickly thermalise and remain trapped in asteroids, in the Moon’s surface, and in the Earth’s atmosphere, oceans
and surface rocks.
It is noteworthy that the mass sensitivity of this body work extends up to ∼ 108 GeV,
well beyond that achievable at any present or planned collider experiment. The mass sensi-
tivity in the type of search presented in this section is typically determined by the details of
experimental set-up. One area of possible future improvement would therefore be the design
of experiments sensitive to SMP scenarios (see Section 2.4) with a higher mass sensitivity than
previously achieved.
5. Searches for magnetic monopoles in matter
As was seen in Section 2.2, magnetic monopoles are SMPs well worth looking for, and they
would be expected to bind to matter. Short reviews of monopole searches in matter were given
in Refs. [1, 291]. This section provides an updated, more complete picture and puts the different
investigations into their context. Searches for magnetically charged particles in bulk matter
broadly fall into four categories depending on the assumptions made:
• Generic searches for SMPs bound in matter such as the heavy isotope searches described
in Section 4 directly apply to monopoles and dyons if corresponding assumptions are made
on the binding to nuclei or nucleons and enrichment factors. In the interpretation of such
results, monopoles are equivalent to X0 particles and dyons are equivalent to electrically
charged X particles. The search techniques listed below, which are specific for monopoles,
allow to probe much larger quantities of material. However, contrarily to generic searches,
monopole-specific studies have generally not exploited enrichment techniques such as elec-
trolysis, centrifuging, or the natural high abundance of exotic isotopes in atmospheric rare
gases — even if, in principle, they could.
• Searches based on the premise of relatively light and quickly thermalised monopoles, as
illustrated in Fig. 7. Most of these searches used the extraction technique, where the
property of a magnetic charge (typically the Dirac charge) was exploited to attempt to
extract monopoles from a sample and then accelerate them with a magnetic field through
a detection device (see Section 5.2.1). In the 1970s, researchers started to use the more
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powerful induction technique, in which an induced persistent current after passage of a
sample through a superconducting coil is sought (see Section 5.2.2).
• Searches based on the premise of supermassive monopole relics produced at the early stages
of the Big Bang, trapped in matter either before or after the formation of the Solar System.
They are more recent and use the induction technique.
• Indirect searches based on the changes in some of the properties of celestial bodies that
could be expected if they contained large numbers of monopoles.
A number of samples that were exposed to high-energy collisions at accelerators have also
been analysed to search for monopoles with masses up to several hundred GeV [7, 17, 292–295].
A review of collider searches prior to the LHC is given in Ref. [2].
This section starts with a short description of the experimental strategies and techniques.
Then it reviews searches for monopoles in the atmosphere, surface outcrops, deep-oceans deposits,
ocean water, moon rocks, meteorites, crust-derived rocks and ores, and mantle-derived rocks.
Finally, constraints obtained from indirect effects of monopoles inside the Earth and the Moon
are presented.
5.1. Experimental strategies
Choices of samples and experimental arrangements are motivated by the target that the
experimenter has in mind, which in turn is influenced by theoretical models.
5.1.1. Low-mass monopoles
Between the early 1960s and the late 1970s, accelerator facilities did not reach sufficient
energies to exclude monopoles with masses beyond the GeV scale. Masses above 104 GeV were
seldom given consideration in the design of the experimental setup and in the interpretation the
results during this time. The choice of sample was likewise in a large part motivated by the
assumption of a relatively low mass. One leading scenario considered to interpret the results
was secondary production of monopole pairs in the collision between high-energy cosmic rays
and astronomical bodies. Due to the dramatic decrease in cosmic-ray flux with energy, indirect
cosmic-ray production is most relevant if the monopole has a relatively low mass (in the GeV
range). A discussion of how search results interpreted in terms of limits on the secondary
monopole production cross section by incident high-energy cosmic rays relate to the tight cross
section limits obtained at recent hadron collider experiments for monopoles in the relevant mass
range (up to the TeV scale [2, 4]) is given in Section 6.9. In a second scenario, TeV-mass
cosmic monopoles impacting the Earth, the Moon or asteroids would thermalise in the Earth’s
atmosphere, in the Moon’s surface and inside the asteroid, respectively. This model is illustrated
in Fig. 7 and explains why early searches for monopoles in bulk matter focused on samples
consisting of air, meteorites, sediments, and rocks from the Moon’s surface.
5.1.2. High-mass monopoles
From the 1980s, guided by the indication of a high monopole mass in Grand Unification
theories (see Section 2.2.3) as well as the non-observation of free monopoles with masses up to
several hundred GeV at collider experiments, more consideration was given to massive cosmic
monopoles, which would not easily be stopped in matter (see Section 3.3.1). Due to an expected
penetration depth exceeding that of the planetary crust, searches relying on samples from the
Earth and Moon surfaces would have only faint chances of finding cosmic monopoles with masses
beyond ∼ 10 TeV.
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Massive monopoles could still have bound to nuclei before the Solar System was formed,
e.g., during Big Bang nucleosynthesis or via trapping inside galactic dust and stars. These so-
called stellar monopoles are assumed to have already been trapped in matter before planetary
differentiation occurred. Stellar monopoles would be recycled in supernovae along with the heavy
nuclei to form new stars and planets, remaining trapped near the cores of the astronomical bodies
if the mass is of the order of the Grand Unification scale. They would be expected to sink down
during planet formation. Thus, they would be mostly absent from planetary crusts.
Meteorites provide a way to probe stellar monopoles: iron meteorites might originate from
the cores of planetary bodies, and chondrites (which constitute about 86% of the meteorites
on Earth) are believed to be made of undifferentiated material from the primary solar nebula.
Another way is to search in polar volcanic rocks. Stellar monopoles inside the Earth would tend
to accumulate at a point along the magnetic axis where the downwards gravitational force is
equal to the upwards force exerted by the Earth’s magnetic field. An equilibrium above the
core-mantle boundary for a monopole with the Dirac charge corresponds to the condition that
the mass should be less than 4 · 1014 GeV. Assuming a binding of monopoles to nuclei, from
this point, the solid mantle convection would be expected to slowly bring up monopoles to the
surface. Over geologic time, it can be surmised that monopoles of a wide range of masses and
charges would tend to accumulate in the mantle beneath the geomagnetic poles [296]. Stellar
monopole searches are discussed in Section 5.6 (meteorites) and in Section 5.7 (polar volcanic
rocks).
5.2. Experimental techniques
5.2.1. Extraction technique
Monopoles trapped in matter can be extracted by applying a magnetic field to a sample
that is heated and evaporated [297]. Even at room temperature, the application of a strong
(5 T or higher) magnetic field could be enough to pull monopoles out of a solid sample surface
(magnetic extraction technique) [140, 298–301]. Monopoles present at thermal velocities in the
Earth’s atmosphere may also be collected using extended magnetic fields [302–304]. In all these
experiments, a magnetic field would accelerate the extracted monopole to an appropriate velocity,
and an array typically made of scintillators or nuclear-track detectors would identify the high
ionisation energy loss expected from a monopole (examples of experimental apparatuses are
shown in Fig. 8). Such a procedure thus involves three steps (extraction, acceleration, detection)
and efficiency uncertainties are associated with each of these steps. These efficiencies generally
depend on the assumed monopole mass and charge and often drop to zero above a certain mass
value.
Extraction searches often considered ferromagnetic materials and assumed a monopole bind-
ing to the material surface through the mirror image force [305] (see Section 3.3.2 for a discussion
of monopole binding to matter). If strong binding to nuclei occurs, the available magnetic fields
could be insufficient for extraction [257]. In Ref. [140] it is pointed out that a binding to nuclei
would not affect the results of searches with the extraction technique because, for the sample
thicknesses considered in this search, the magnetic field would be strong enough to extract the
whole atom or even clusters of atoms from the material surface. However, this claim has been
questioned on the basis that monopoles bound to nuclei would remain stuck if there is no available
nearby site for the atom to jump to in a solid lattice [258].
5.2.2. Induction technique
In the 1970s, with the development of superconducting magnetometers, the extraction tech-
nique was gradually abandoned in favour of the induction technique, which provides substantial
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Figure 8: Examples of experimental apparatuses used for monopole searches with the extraction technique. It is
assumed that monopoles of a given polarity present in the sample surface would be dragged out and accelerated
by the strong magnetic field and identified by detectors sensitive to high ionisation energy losses. The device on
the left was designed to be portable to be carried to a site where it can scan rock outcrops (Figure from Ref. [140]).
The device on the right was designed for samples from the Fermilab accelerator and was also used in a search for
monopoles trapped in air and seawater (Figure from ref. [301]).
advantages: there are fewer steps involved (no extraction nor acceleration are needed), the mea-
surement is directly sensitive to the magnetic charge and does not depend on the monopole mass,
and larger solid sample volumes can be analysed faster.
The relevant quantity measured by the magnetometer is the persistent current, defined as the
difference between the output after and before passage of a sample through the sensing region.
For any sample containing only magnetic dipoles, the induced currents cancel out to zero after
passage. The persistent current is directly proportional to the magnetic charge contained in a
sample, and a consistent non-zero persistent current for multiple passages is an unmistakable
signature of a monopole. The calibration constant translating persistent current into magnetic
charge (in units of gD) can be determined using either a convolution method with a sample of
well-known dipole magnetic moment or a long thin solenoid that mimics a magnetic pole [7].
The minimum magnetic charge that can be resolved depends on the intrinsic magnetisation of
the samples, as magnetised samples are more likely to provoke flux jumps [7, 296]. A resolu-
tion well below the Dirac charge can be achieved even with highly magnetised samples after
demagnetisation or crushing [7, 296] or by placing samples in a mumetal container [306].
5.3. Atmosphere
Monopoles supposedly present in the atmosphere at thermal velocities would drift under the
force exerted by the geomagnetic field. If they carry a magnetic charge of the right polarity, they
may be gathered through a detector using the stronger field of a large magnet. This approach
was initiated by Malkus in 1951 [302] and developed in subsequent decades with more powerful
magnetic fields [303, 304]. The latest search [304] covered an effective collecting area of 24 000 m2
and set a 90% confidence-level limit of 4.4 · 10−16 cm−2sr−1s−1 in the flux of incoming positive-
sign monopoles with mass, charge and energy such as they would be stopped in the atmosphere.
Estimated ranges for which this condition is satisfied are indicated in Fig. 9.
Assuming that monopoles thermalise in the atmosphere, they could be found on the surface
of magnetite outcrops on the Earth’s surface, which act as attraction sites through the mirror
image force [140]. The portable magnetic extraction device shown in Fig. 8 (left) was taken to
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Figure 9: Mass and charge regions for cosmic monopoles to be stopped in the Earth’s atmosphere. Incident
monopoles with mass and charge such that they lie below the curves would be stopped and gathered, where
the different curves correspond to different kinetic energies. The calculations are made using three energy-loss
mechanisms: ionisation, bremsstrahlung, and pair production (see Section 3.3). If monopoles are also allowed to
stop in the oceans, the curves are shifted towards higher masses by about one order of magnitude in mass [298].
The figure is from Ref. [304].
a site in the Adirondack Mountains (USA) to scan outcrop ferromagnetic rocks likely to have
been exposed since glacial recession. An area of 1000 cm2 was searched for positively charged
monopoles. Estimating that monopoles would remain near the rock surface for 100 to 1000
years before being eroded away, the negative results imply a cosmic monopole flux limit of about
1.6 · 10−14 cm−2sr−1s−1 for magnetic charge above 1 gD and mass below 10 GeV (assuming the
highest energies).
5.4. Oceans
Monopoles that thermalise either in the atmosphere or in ocean water would likely accumulate
in deep-ocean deposits [298–300]. The main advantage with such samples is the large collection
time: some samples remain exposed and grow slowly on the ocean floor under periods of the order
of one million years. Some samples have ferromagnetic properties and can thus act as attractors
of monopoles. Monopoles may thermalise down to the considered depth, which allows to probe
higher masses and energies than experiments conducted above sea level (for the same energy, a
factor 10 on the mass is gained as compared to the curves shown in Fig. 9; see also Section 3.3.1
and Fig. 4). Four manganese nodules of about 2-cm radius each, collected from the floor of
the Drake Passage (Southern Ocean) at 3 km depth, were analysed with a magnetic extraction
device [298]. This search was extended using a new device to analyse 8 kg of samples from a
2.5-cm-thick ferromanganese crust formed over 16 million years in the Mid-Atlantic ridge [299].
Another similar search was performed on over 1600 kg of sediments from deeper ocean (4.4 km
depth on average) [300]. Assuming that the extraction technique is efficient, these searches set
a combined upper limit of 4.8 · 10−19 cm−2sr−1s−1 for cosmic monopoles with magnetic charge
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(positive or negative) of magnitude in the range 1− 60 gD stopping in the atmosphere or ocean.
Assuming the highest energies, this corresponds to a mass below 130 GeV.
A new search in 1985 analysed vast amounts of terrestrial material with the induction tech-
nique [307]. Probed samples included 498 kg of blueschists, 145 kg of ferromanganese nodules,
and 180 kg of seawater. The blueschists are rocks from Southern California that originated
as deep-sea sediments about 150 million years ago and show evidence of having been buried
20−40 km in depth and held below the Curie temperature of the ferromagnetic minerals present.
No monopoles were found in a total of 643 kg of rocks and although the study does not provide
quantitative interpretations in terms of cosmic flux limits, qualitatively two conclusions can be
drawn: the earlier negative results quoted above from deep-sea deposit searches are confirmed
with the more robust induction technique, and the flux of cosmic monopoles that would be
stopped after traversing 20− 40 km of the Earth’s crust is directly constrained.
In another experiment [301], 1630 litres of seawater and 68 000 litres of air were pumped into
the magnetic extraction device shown in Fig. 8 (right). The search is based on the assumption
that monopoles remain trapped within the atmosphere and ocean fluids. In a simple model
where the only mechanism that would reduce the monopole density in air and water is monopole-
antimonopole recombination, the search sets limits of the order of 1.6 · 10−16 cm−2sr−1s−1 for
monopoles of both polarities with magnetic charge in the range 1 − 24 gD. It must be stressed
that the assumption made to derive this limit (all monopoles remain in the water) is orthogonal
to the one made in ocean-bottom searches (all monopoles are trapped in the deposits).
5.5. Moon rocks
In the early 1970s, Moon rock samples returned from the Apollo missions (19.8 kg in total)
were analysed with the induction technique [308, 309]. These samples are considered to have an
average exposure time of 500 million years. Another advantage is that the monopole fate after
stopping can be assessed in a robust manner due to the lack of atmosphere and magnetic field
and the stable lunar geology. Under the influence of cosmic-ray and micrometeorite impacts,
the surface of the Moon is assumed to have been mixed completely and uniformly down to a
depth of 4 m since the crystallisation of the magma ocean. The search derives a flux limit of
6.4 · 10−19 cm−2sr−1s−1 for cosmic monopoles that would stop within 4 m depth of the Moon’s
surface. This corresponds to about the same amount of material as the Earth’s atmosphere, so
that Fig. 9 can be used to roughly indicate the regions in charge and mass to which this result
applies.
5.6. Meteorites
Several searches used small meteoric samples [140, 297, 300, 308]. The mother asteroids
are estimated to have average irradiation times of the order of 500 million years. However,
only monopoles with very low mass and energy would thermalise and stop inside them. The
possibility that monopole relics of higher masses could have been already trapped in the solar
nebula (stellar monopoles, see Section 5.1.2) was not given consideration before a search in 1995
that probed a total of 331 kg of material with the induction technique, including iron ores and
sedimentary rocks, but also notably 112 kg of meteorites [306]. The search sets a limit on the
monopole density in meteoric material of less than 2.1 · 10−5/gram at 90% confidence level.
The limit for chondrites is 2.5 · 10−5/gram, which can be directly interpreted as a limit on the
stellar monopole density in the Solar System. One important assumption needed for drawing this
conclusion is that the monopole was not dislodged by large accelerations exerted upon impact
of the meteor. Conservatively assuming ferromagnetic binding only, the authors claim that this
should not happen for monopoles with a mass below 1017 GeV.
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5.7. Polar volcanic rocks
As discussed in Section 5.1.2, mantle-derived rocks at high latitude can also be used to search
for stellar monopoles. In 2013, 23.4 kg of volcanic rock samples from a large variety of locations
in arctic and antarctic areas were analysed with the induction technique [296]. The probed polar
volcanic rocks represent ∼ 4 times less material than used in the meteorite search described
above. However, for monopole mass and charge satisfying the criterion for a position above the
core-mantle boundary (M ·gD/g < 4·1014 GeV), this difference is compensated for by an increase
in monopole concentration of roughly a factor six in polar mantle-derived rocks (assuming whole-
mantle convection). It results that, in a simple model a limit of 1.6·10−5/gram at 90% confidence
level can be set on the monopole density in the matter averaged over the whole Earth. This can
be interpreted as a limit on the stellar monopole density in the Solar System, a slightly better
limit than obtained with the meteorite search. However, for low values of the magnetic charge,
the mass range for which monopoles may be found at the Earth’s surface is more constrained.
Also, the search relies on the assumption of a binding to nuclei.
In addition to constraining stellar monopoles, the matter density limit can also be interpreted
for cosmic monopoles with energy and mass such as they would stop inside the Earth. This yields
2.2·10−14 cm−2sr−1s−1 — a pretty weak limit compared with direct searches with detector arrays
(Section 6) due to the fact that the monopoles are diluted into a very large volume.
5.8. Iron furnace
Another notable search claims to be able to set constraints on the presence of monopoles
in over 137 tons of iron ore material [310]. A SQUID-based magnetometer was placed directly
under an iron ore processing furnace. A monopole would lose its ferromagnetic binding as soon
as the ore is heated above the Curie temperature. In the search, it is assumed that the monopole
has a high mass (1016 GeV) and begins to fall down under gravitational influence. Given that the
ore is moving on a conveyor belt, assumptions about the speed at which monopoles drift inside
the ore determine the amount of material that is probed. If the ferromagnetic image force is the
only binding mechanism, monopoles are expected to begin a free fall as soon as the temperature
reaches the Curie point. In the case where monopoles also bind to nuclei, the argument is made
that monopoles would still drift through the ore with diffusion coefficients taken as those of
hydrogen or carbon. However, the paper does not address the case of a monopole attached to
a much larger atom, e.g., bound to an iron nucleus. Nor does it explain how a monopole-atom
system would be supposed to drift through the conveyor belt. The limits set in this search rely
heavily on the assumption of a quick diffusion through large amounts of material, an assumption
that does not seem to be well motivated, as it has been advocated that monopoles bound to
nuclei that are part of a solid would be very difficult to budge [258]. Another point that the
search fails to elucidate is the plausibility of the presence of Grand Unification monopoles inside
the Earth’s crust. Cosmic monopoles with masses of the order of 1016 GeV would likely traverse
the Earth’s crust without stopping (see Section 3.3.1); and stellar monopoles of similar mass
would not be found in the crust but rather stay inside the Earth’s core [311].
5.9. Indirect searches
In 1980, Carrigan considered the case of Grand Unification monopoles inside the Earth. The
two opposite magnetic charges will accumulate at the two positions for which the magnetic force
equals the gravitational force, which happen to lie inside the Earth’s liquid core for a monopole
with Dirac charge and M ∼ 1016 GeV [311]. Carrigan reasoned that whenever a geomagnetic
field reversal occurs (every 0.1 to 1 million years), monopoles and antimonopoles would have a
chance to meet and annihilate during the ∼1000 years duration of the reversal, thus creating extra
heat. Under the assumptions of M ∼ 1016 GeV, a stable dipole field when there is no reversal,
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and the presence of both monopoles and antimonopoles within the Earth, the non-observation
of the extra heat results in an upper limit on the monopole density of 6 · 10−5/gram [311]. It
also corresponds to a limit of 8·10−14 cm−2sr−1s−1 on the flux of cosmic monopoles with energy
and mass such that they would stop inside the Earth.
A constraint on the sensitivity of monopoles inside the Moon was obtained in 1983 using mag-
netometer observations aboard Explorer 35 orbiting the Moon [312]. This is done by measuring
the radial component of the magnetic field emanating from the Moon with a high precision. A
limit of 6 · 10−9 monopoles/gram was obtained, however, it only constrains the excess of one
polarity over the other one; no effect is expected if equal amounts of north and south monopoles
are present.
5.10. Summary
In this section, searches for monopoles in various samples such as meteorites and a variety
of Earth and Moon rocks were reviewed. These constrain monopole concentrations in matter
to be below 1 per O few hundred kg. Given that massive cosmic monopoles are unlikely to
be stopped by the crustal layers of large planetary bodies, today it would seem that searches
with colliders and large cosmic detector arrays have much better sensitivities, as will be seen in
Section 6 and summarised in Fig. 15. However, this does not apply to primordial monopoles
trapped in matter before the formation of planetary bodies (i.e., stellar monopoles). The most
promising places to search for high-mass stellar monopoles would be in meteorites and polar
volcanic rock samples. If large amounts (> 100 kg) of such samples can be analysed using high-
efficiency magnetometers, existing limits can be improved in the future. Another improvement
would come from probing samples of primary material gathered directly in space, whose monopole
content would be guaranteed not to be altered by impacting the Earth or by geological processes.
In this respect, returned samples from asteroids or comets would be extremely valuable.
6. Searches at cosmic ray facilities
This section reviews detection techniques and searches for cosmic SMPs — presumably pro-
duced in energetic events through the history of the Universe, travelling through space, and
impacting the Earth. The techniques described below rely on assumptions about the interaction
of SMPs with matter (discussed in Section 3). An extensive review for the techniques based on
ionisation energy loss was given in 1986 by Groom [313]. Results are most commonly interpreted
as flux limits for monopoles with the Dirac charge in a given velocity range. Often the same
limits can be reinterpreted for other types of objects, and sometimes dedicated searches are made
with the same kind of detectors for an interpretation in a scenario of, e.g., nuclearites or Q-balls.
6.1. Induction detectors
The induction technique (described in Section 5.2.2) can be used to detect the passage of one
specific type of cosmic SMP: the magnetic monopole. A monopole may come with an attached
proton or heavier nucleus, may carry electric charge of its own, or may be moving too slowly to
be detected in a scintillator or proportional chamber. However, it still carries a magnetic charge
(presumably an integer multiple of gD) and as such will always induce a predictable persistent
current when passing through a superconducting loop. Therefore, induction detectors are consid-
ered the most robust means of identifying a monopole. When searching for monopoles in cosmic
rays, several loops in coincidence are needed to avoid spurious signals. A major drawback is the
difficulty and cost of building large superconducting devices with the required sensitivity, and
the fact that such devices cannot be easily operated in any environment. Induction experiments
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are usually built in magnetically-shielded rooms at ground level, with an effective loop area up
to a square meter.
A number of searches using apparatuses with two loops [310, 314–316], three loops [317–321],
eight loops [322, 323] and a closed box [324, 325] can be summarised by a combined flux limit
of 3.8 · 10−13 cm−2sr−1s−1. This limit applies to magnetic charges equal to or above the Dirac
charge regardless of particle mass and velocity. They provide the only direct constraints on the
monopole flux for β < 10−4, although indirect limits based on galactic magnetic field survival
(for masses below 1017 GeV) or the mass density of the Universe (for higher masses) are more
powerful [145] (see Section 2.2.7).
6.2. Ionisation arrays
Active detectors employ time-of-flight and/or pulse length to discriminate between slow-
moving SMPs and light-speed backgrounds. The ionisation signal threshold provides sensitivity
to SMPs within a given range of velocity and charge (either electric or magnetic). Passive
detectors rely only on ionisation and generally have a higher threshold, appropriate for magnetic
monopoles or highly charged particles.
6.2.1. Active detectors
Devices capable of recording the passage of charged particles, like scintillators and gaseous
detectors, can be used to search for SMPs. Cosmic-ray backgrounds — in general, mostly muons
from secondary interactions — can be rejected using one or both of two methods. The first
method relies on the low speed expected from very massive SMPs and is based on either a
time-of-flight measurement or the measurement of the width of a pulse in a thick slab of de-
tector. The second method relies on an anomalously high ionisation energy loss, as would be
expected, e.g., from a monopole or an electrically charged SMP at low velocity (see Section 3.1).
When considering monopoles, the two methods are complementary, since timing allows to de-
tect slow monopoles that would ionise just enough to produce a detectable signal (β ∼ 10−3),
while discriminating against high ionisation is efficient for the detection and identification of fast
monopoles (β & 10−2) (see Section 3.3). Monopoles in the velocity range 10−4 < β < 10−3
usually do not undergo sufficient energy losses to ionise matter, although they may still excite
atoms which would emit scintillating light [245, 246]. One technique to extend the sensitivity
of gaseous detectors to monopoles in this velocity range is to exploit the Drell effect [247]: in
a mixture of helium and CH4, for instance, a low-velocity monopole can excite helium atoms,
which then ionise CH4 molecules through atomic collisions (Penning effect) [326].
The state-of-the-art ionisation-array experiment is embodied by the MACRO detector, which
operated in the late 1990s at the Grand Sasso laboratory at an average depth of 3600 meters
water equivalent [327–329]. MACRO spanned a total area of 918 m2 and used a combination of
liquid scintillators, streamer tubes and nuclear-track detectors. The active detectors operated
during 4.3 years (the nuclear-track detectors, discussed in Section 6.2.2, were exposed for a
longer time). A scintillator data analysis with tight time-of-flight selection set an upper flux
limit of 2.5 · 10−16 cm−2sr−1s−1 for slow-moving monopoles in the range 10−4 < β < 4 · 10−3.
Another scintillator data analysis using pulse height as a main discriminant set a limit of 2.2 ·
10−16 cm−2sr−1s−1 in the range 10−3 < β < 0.1. The MACRO streamer tubes were filled
with 73% helium and 27% npentane, allowing exploitation of the Drell and Penning effects and
resulting in a limit of 2.8 ·10−16 cm−2sr−1s−1 in the range 10−4 < β < 5 ·10−3. Combined limits
lie around 1.4 ·10−16 cm−2sr−1s−1 in the range 10−4 < β < 0.1 for a bare Dirac monopole, which
would reach the detector [329]. This is the most stringent constraint to date in this β range of
special relevance to Grand Unification monopoles. It should be noted that a velocity β = 10−4
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corresponds to a mass M = 1021 GeV if one assumes a kinetic energy of 1013 GeV, as would be
expected from acceleration in galactic magnetic fields [142] (see Section 2.2.7).
Prior to MACRO, ionisation arrays were built on a smaller scale (most of them during the
1980s) at various locations using a variety of different techniques. Many searches were per-
formed with scintillator arrays using either time-of-flight techniques or a high ionisation thresh-
old (or both) at sea level [330–336] and underground [337–342] (most notably with the BAKSAN
telescope [337]), covering very wide velocity ranges. Numerous searches were also made with
gaseous detector arrays underground [343–346] (most notably the SOUDAN-2 nucleon-decay de-
tector [345]) and at sea level [333, 347–350] (the most extensive published in 1990 [350]), where
experiments exploiting the Drell effect were sensitive to β down to 10−4 for monopoles. One
underground experiment in the Mont Blanc Tunnel was also sensitive to the low-velocity range
using plastic streamer tubes [351].
A summary of combined flux limits obtained with specific techniques at specific locations for
monopoles in various β ranges is given in Table 4.
In the experiments where ionisation energy loss was used as a discriminant [328–333, 338,
340, 341, 344, 348–350], the limits also apply to electrically charged particles with high Z/β
which would reach the detector. In the analyses where time-of-flight is used as the only dis-
criminant [327–329, 334–342, 344, 346, 347, 351], the limits extend to SMPs with low values
of electric charges. For instance, the scintillator slow-monopole analysis of MACRO, with an
upper flux limit of 2.5 · 10−16 cm−2sr−1s−1 for 10−4 < β < 4 · 10−3, generally applies to
light yields corresponding to that of a muon or above [329]. MACRO also explicitly set a
limit of 6.1 · 10−16 cm−2sr−1s−1 for fractionally charged particles, with 0.2e < qe < 0.7e and
0.25 < β < 1 [352, 353]. Similar previous searches for fractionally charged particles with ionisa-
tion detectors underground [340, 346, 354] and on a mountain top [355] were performed, yielding
limits not as stringent as MACRO.
MACRO also used liquid scintillators to search for nuclearites with velocities down to β ∼
10−5 [237, 356]. Sensitivity to the β ∼ 10−4 range allows to probe nuclearites that would
have been gravitationally trapped in the Solar System. Combined cosmic nuclearite flux limits
from the MACRO scintillator detector using various analysis techniques can be summarised as
4.1 · 10−15 cm−2sr−1s−1 for 2 · 10−5 < β < 10−3, 3.6 · 10−16 cm−2sr−1s−1 for 10−3 < β < 0.1,
and 4.4 · 10−15 cm−2sr−1s−1 for 0.1 < β < 1.
Another interesting scenario is that of a stable strongly interacting massive particle (see
Sections 2.1.2 and 3.2.1). A global analysis of direct and indirect constraints identified allowed
regions in the particle-proton scattering cross section versus mass plane [357]. Events featuring
delayed coincidences of recoil energies from nuclear elastic scattering on sodium and/or iodine
were sought using the DAMA detector setup [358]. The negative results significantly improved
the limits for masses up to 4 · 1016 GeV, leaving unconstrained regions at very high masses as
well as at a mass around ∼ 1 TeV.
6.2.2. Plastic nuclear-track detectors
Passive solid-state nuclear-track detector arrays are frequently used to search for highly ionis-
ing particles. The detector generally consists of thin foils of polymers whose molecular bonds are
broken by the passage of a particle that ionises above a certain threshold — typically correspond-
ing to Z/β > 5 for CR39 or Z/β > 50 for flexible Makrofol polycarbonate. When immersed in a
chemical solution, the damaged locations are attacked more rapidly than the undamaged regions.
After etching, they are revealed in the form of micrometer-sized cone-shaped pits, visible by opti-
cal means. Such a technique has the advantage to be devoid of electronics and thus easy to deploy
in all kinds of environments. An efficient calibration method for nuclear-track detectors is to
place them behind a target that is bombarded with high-energy heavy ions, producing a variety
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Figure 10: Ranges in mass and velocity for which a monopole with one Dirac charge coming from above would reach
a detector at various depths [360]. The altitude level of 5230 m corresponds to that of the SLIM detector [360]. The
dashed line indicates the typical velocity expected from a monopole due to its acceleration by galactic magnetic
fields [142]. The Figure is taken from ref. [360] upon which the dashed line is superimposed.
of fragments of various charges, which are identified from the characteristics of the etch-pit cones
they produce. Modern scanning and automatic pattern recognition make this technique even
more attractive, allowing for efficient coverage of large areas at relatively low cost. The most
studied polymer is CR39, used in large-area experiments such as OHYA [359], MACRO [329]
and SLIM [360]. A magnetic monopole of Dirac charge with trajectory perpendicular to a CR39
foil would be expected to be recorded if it has a velocity β > 2 · 10−3 or in the narrow range
where elastic recoil of atoms is important (2 · 10−5 < β < 2 · 10−4) [361].
Early nuclear-track detector arrays deployed at sea level [304, 362, 363] set an overall flux limit
of 5.2 · 10−15 cm−2sr−1s−1. Larger arrays were deployed underground [328, 329, 359, 364], most
notably a 2.1 years exposure of 2000 m2 array of CR39 at the OHYA mine near Tokyo [359] and
a 9.5 years exposure of a 1263 m2 (of which 845.5 m2 were analysed) array of CR39 and Lexan as
a part of MACRO [328, 329]. Assuming full acceptance — considering also SMPs which traverse
the Earth before reaching the detector — the limit from the MACRO nuclear-track detectors is
1.5 · 10−16 cm−2sr−1s−1 and the limit from OHYA is 3.2 · 10−16 cm−2sr−1s−1.
Nuclear-track detectors placed on balloons [365, 366] or on mountain tops [360, 367–369] are
sensitive to monopoles that do not possess sufficient energy to reach the ground or underground
(see the discussion in Section 3.3.1). This is also true for detectors placed directly in space [370,
371] although in that case more sophisticated techniques are needed to separate exotic highly
ionising particles from ordinary ions in the cosmic radiation (see Section 6.6). Fig. 10 (from
Ref. [360]) shows the velocity above which a monopole of a given mass would reach a detector
in a given location. Superimposed on the figure is the velocity expected if the monopole has an
energy of 1013 GeV, as expected from acceleration in galactic magnetic fields [142] (Section 2.2.7).
Assuming such energies, the mass range of cosmic monopoles that is accessible to high-altitude
experiments but inaccessible to underground experiments such as MACRO is between 20 and
1000 GeV. Also, high-altitude experiments can probe secondary monopoles (in a similar mass
range) produced by high-energy cosmic-ray collisions in the upper atmosphere. Another way
to efficiently search for such low-mass monopoles, discussed in Section 5, is to look for trapped
monopoles in samples of air, water, rock surface, and deep-sea deposits. The relation between low-
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mass cosmic monopole searches and collider searches is further discussed in Section 6.9. Among
the high-altitude cosmic-ray experiments, SLIM at Mt. Chacaltaya (5230 m) was the most
sensitive, with an area of 400 m2 [360], providing a monopole flux limit of 6.5·10−16 cm−2sr−1s−1
in the range 0.03 < β < 1.
Nuclearites are expected to produce etch-pit cones in nuclear-track detectors (see Section 3.2.3),
and thus results that have been obtained for monopoles with large CR39 arrays at OHYA,
MACRO and SLIM — with a combined flux limit at the level of 10−16 cm−2sr−1s−1 — are
believed to also be valid for nuclearites [237, 238, 356, 359, 372]. The mass range to which the
limits apply depend on the detector depth and the nuclearite velocity. Assuming a typical galac-
tic velocity (β ∼ 2 ·10−3), all detectors have full acceptance to nuclearites with M & 5 ·1022 GeV,
which would be expected to traverse the Earth. For very large (M & 100 g) objects the effect
of strong heating on detector sensitivity remains unclear [356]. At such velocities, the mini-
mum nuclearite mass for reaching the detector from above is M & 1014 GeV at MACRO depth,
M & 1012 GeV at OHYA depth, M & 1011 GeV at sea level, and M & 1010 GeV at SLIM
altitude [237, 238]. Combined limits on the nuclearite flux from MACRO, OHYA and SLIM are
reported in Fig. 16.
As was discussed in Section 3.2.4, Q-balls can also undergo significant energy losses in matter
and give rise to signatures similar to that of nuclearites of the same mass. However, energy loss
predictions strongly depend on Q-ball properties other than the mass (such as electric charge
ZQ) and on model assumptions (e.g., SUSY hypotheses), making the interpretation more diffi-
cult. Within one particular model of Q-ball interactions, it was found that CR39 nuclear-track
detectors are sensitive to ZQ ≥ 3 [373]. Based on such an interpretation, the nuclearite flux limits
from MACRO, OHYA and SLIM mentioned above can also be applied to Q-balls of roughly the
same masses.
6.2.3. Ancient mica
Track forming by very highly ionising particles is a also general feature for non-conducting
minerals [374], and the etching technique can be advantageously applied to ancient rocks with
geological exposure times such as mica and obsidian, although the signal threshold for crystals
and glasses is generally higher than for plastics. Fossil amber has a chemical composition similar
to plastics but was found to have a very high threshold, even higher than minerals [375]. Exposure
of a sample to high temperature can cause thermal fading, an important effect to assess in a
search. The effective time of exposure of a sample of known uranium concentration can be
intrinsically determined by measuring the density of fossil tracks from spontaneous uranium
fission: in that way it was shown that selected mica crystals can efficiently record tracks for at
least 600 million years [376]. The detection threshold for mica lies around Z/β ∼ 130 [377]. A
difficulty arises when trying to interpret null results for particles that provide ionisation close to
this threshold. The analysis of tracks produced by ion beams of MeV energies support the ion-
spike explosion model [377], in which the formation of etch pits in mica depends on the number
of ions produced in the vicinity of the particle: the ions repel each other and are displaced,
producing lattice defects. However, the response to a new material cannot be reliably predicted
from first principles and has to be studied empirically.
Searches using ancient crystals (such as mica) or glasses (such as obsidian) as nuclear-track
detectors have the advantage of very long exposure times. Searches were performed with ∼
1600 cm2 of mica samples with recording age varying from 185 to 900 million years [378–381].
In these searches, high-quality transparent mica was cleaved into ∼ 100 µm sheets and etched
in hydrofluoric acid, and a signal was sought in the form of etch-pit cones aligned on several
surfaces. The results were interpreted for low-velocity monopoles that capture a nucleus on
their way to the rock layer, in which case a track is guaranteed due to a high ionisation energy
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loss for velocities in the range 5 · 10−3 < β < 0.5 and electromagnetic nuclear collisions in
the range 4 · 10−4 < β < 5 · 10−3 [379–381]. In this interpretation, flux limits at the level of
10−18 cm−2sr−1s−1 have been set in a narrow β range around 10−3, with large model uncertainties
on the probability that the monopole captures a nucleus in the Earth’s crust and the monopole-
nucleus bound pair reaches the mica. Here we chose to factor out the model dependence and
merely quote flux limits assuming that SMPs reach the mica and produce a detectable track: this
yields a combined limit of 5.5× 10−20 cm−2sr−1s−1. If one assumes that the ion-spike explosion
model holds for mica, bare monopoles with β > 0.1 carrying three Dirac charges or more are
guaranteed to be detected [378], without further assumptions. High-velocity (β > 0.9) monopoles
with two Dirac charges lie just above the threshold, and singly charged relativistic (γ > 2000)
monopoles could possibly produce tracks if they undergo sufficiently local energy losses. Within
such assumptions, as can be seen in Fig. 14, searches in ancient mica provide the best limit for
large parts of the velocity range.
These strong limits from ancient mica in the flux of highly ionising particles also apply to
nuclearites with masses M & 1014 GeV [69, 382]. That provides the best means of testing the
hypothesis that nuclearites could be a major dark matter component in this mass range. As
can be seen in Fig. 16, current mica limits constrain nuclearite dark matter for masses up to
1026 GeV [382]. For a mass of 1 kg or higher, effect from rock heating may become significant
and the size of the nuclearite becomes the same order as the size of the etch-pit cones sought in
monopole searches in mica [69]. A search for large nuclearites in mica would thus require special
care with the way a signal is identified.
One particular model of Q-ball interactions predicts that mica detectors are also sensitive
to Q-balls with ZQ ≥ 10 [373]. Based on such an interpretation, the nuclearite flux limits from
ancient mica mentioned above can also be applied to Q-balls of roughly the same masses.
6.3. Water or ice neutrino observatories
Relativistic charged particles travelling through an homogeneous and transparent medium
like water or ice emit detectable Cherenkov radiation. Detectors equipped with arrays or strings
of photomultiplier tubes for Cherenkov-light detection include SuperKamiokande, ANTARES
and IceCube, and in the future KM3NeT [383]. Other detectors, such as RICE and ANITA,
are equipped with radio antennas for detection of coherent radio Cherenkov emission from dense
electromagnetic showers. Some SMPs would produce distinctive signatures in these detectors,
such as a large yield in the case of a relativistic monopole. Neutrino detectors are optimised for
a large acceptance and a long duty cycle, features which are also great advantages for cosmic
SMP searches.
6.3.1. Cherenkov light emission
SMPs that carry a high electromagnetic charge (such as monopoles) would provide striking
Cherenkov signatures in water or ice. As illustrated in the left plot of Fig. 11 in the case of a
Dirac monopole, copious amounts of visible Cherenkov light would be emitted for β > 0.75, and
additional light exceeding muon backgrounds would be produced by Cherenkov radiation from
δ electrons along the monopole path for velocities down to β = 0.6 (and, to a lesser extent, by
water luminescence down to β = 0.001 [386]). Large backgrounds from cosmic muons necessitate
the implementation of high thresholds. This can be improved by considering up-going events in
which the SMP is required to traverse the Earth before reaching the detector.
Searches have been performed at the Baikal [386, 387], AMANDA [385], ANTARES [384]
and IceCube [388] neutrino telescopes. ANTARES searched for up-going SMPs and set flux
limits between 10−16 and 10−17 cm−2sr−1s−1 in the velocity range 0.625 < β < 1 assuming
a Dirac monopole [384]. The IceCube detector very recently set a more stringent limit of 3 ·
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Figure 11: Left: Number of Cherenkov photons in the 300−600 nm wavelength range emitted per cm in sea water,
with contributions from a monopole with g = gD (solid line) and from δ electrons produced along its path (dashed
line), as a function of the monopole velocity β (Figure from ref. [384]). Direct Cherenkov emission by a muon
is also shown (dotted line). Right: Angular acceptance of a typical neutrino telescope for relativistic magnetic
monopoles as a function of mass and kinetic energy (Figure from ref. [385]). The grey shaded areas represent the
regions for which monopoles are capable of reaching the detector with β ≥ 0.75. The black area corresponds to
the region of full acceptance, where monopoles are still relativistic after traversing the full diameter of the Earth.
10−18 cm−2sr−1s−1 in the velocity range 0.8 < β < 1. The IceCube analysis has a ionisation
threshold low enough to accept all monopoles coming from below the horizon: this corresponds to
the black area in the right plot of Fig. 11. For down-going signals, the threshold is adjusted as a
function of the incoming angle to reject the much larger backgrounds, at the cost of rejecting most
of the signal (assuming a Dirac monopole) for polar angles below 75◦. Despite this low selection
efficiency, this allows to probe monopoles with lower masses and lower velocities, illustrated
by the grey shades in Fig. 11. The kinetic energy gained by monopoles due to acceleration in
galactic magnetic fields is expected to be of the order of 1013 GeV (possibly up to a maximum of
1016 GeV) [142] (see Section 2.2.7). This corresponds to a mass range between 107 and 1013 GeV
for ensuring a good acceptance to up-going Dirac monopoles (possibly up to 1016 GeV for the
highest energies), and extending the search to down-going monopoles pushes the lower mass
reach to 105 GeV (a discussion of the range of monopoles in matter is given in Section 3.3.1).
The Kamiokande-II detector performed a search for fractionally charged particles, distin-
guished from unit charge particles by the lower intensity of the emitted Cherenkov light [389].
The obtained flux limits are at the level of 2 · 10−15 cm−2sr−1s−1 — a little bit weaker than
MACRO results on fractional charges [353].
It has been pointed out that the characteristics of black-body radiation light from the thermal
shock along the passage of a nuclearite can be used to set interesting nuclearite flux constraints
at neutrino telescopes such as ANTARES [390]. However, a full study including background
estimate and systematic uncertainties remains to be done.
6.3.2. Radio emission
High-energy neutrinos interacting in a non-conducting medium produce charged particle
showers. As a shower propagates the number of electrons increases relative to the number of
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positrons due to photons in the shower interacting with atomic electrons. This leads to coherent
emission of Cerenkov radiation of wavelength similar to the transverse size of the shower: the
Askaryan effect [391, 392]. High-energy neutrino experiments based on this principle have been
conducted, using data from the FORTE satellite [393], Earth-based radio telescopes pointed at
the Moon [394, 395], the ANITA balloon-borne radio antenna array, which hovered over the
Antarctic landscape for one month [396], and the RICE radio antenna array buried in ice at the
South Pole [397]. Ultrarelativistic charged SMPs moving through a medium undergo dramatic
radiative losses, and the induced electromagnetic showers create coherent Cherenkov radiation
in the radio frequency domain. Magnetic monopoles with masses below ∼ 1013 GeV would be
accelerated to relativistic speeds and therefore would produce bright electromagnetic showers
that could be detected by radio neutrino telescopes [142].
A search for high-energy neutrinos with RICE found no bright event candidates and this result
was reinterpreted as flux limits between 10−18 and 10−19 cm−2sr−1s−1 for magnetic monopoles
in the velocity range 107 < γ < 1012 [250]. In the future, the ARA radio antenna is expected
to improve the RICE sensitivity by approximately two orders of magnitude [397]. ANITA did
a similar analysis where monopole selection was made by requiring a row of four successive
trigger events within 500 ns. Further waveform analysis of the four remaining candidates showed
that the data were consistent with backgrounds, and monopole flux limits between 10−17 and
10−19 cm−2sr−1s−1 were set in the range 109 < γ < 1013 [251]. The RICE and ANITA velocity
ranges correspond to masses in the range 103 < M < 107 GeV assuming galactic acceleration.
At such very high velocities, only searches with ancient mica (Section 6.2.3) can reach better
sensitivities than searches with the radio Cherenkov technique, assuming that the energy loss is
sufficiently high to exceed the mica threshold for track formation.
6.4. Gravitational-wave detectors and acoustic sensors
Gravitational-wave detectors are extremely sensitive to tiny vibrations and were shown to
be able to detect comic-ray showers [398]. They can thus also be used to search for SMPs that
would induce vibrations, such as monopoles and nuclearites [399, 400]. In a study comparing
the suitability of different kinds of gravitational-wave detectors for SMP detection, it was shown
that resonant-bar detectors should be 30− 300 times more sensitive than interferometers, due to
a larger volume and a higher efficiency [398]. Searches performed at sea level using resonant-bar
detectors quoted nuclearite flux limits at the level of 10−12 cm−2sr−1s−1 for nuclearite masses
M & 1011 GeV [401–403]. While less restrictive than the limits obtained by larger arrays
like MACRO and SLIM (Section 6.2), these results were obtained using a completely different
technique, with different assumptions underlying the detector response expectations.
If a large amount of energy is nearly instantaneously produced within a small volume of
matter, thermal expansion is predicted to result in a pressure pulse detectable with acoustic
sensors [404]. This principle has been used to search for particle cascades, which would be
induced by neutrinos with very high energies impacting the sea [405]. Ambitious projects with
strings of acoustic detectors spanning very large volumes of water or ice have been proposed [404].
Analysis techniques designed for very high energy neutrinos can be adapted to select for massive
objects that would undergo very high energy losses [406]. The volumes considered — of the order
of 100 km3 — could make such a future search very competitive.
6.5. Air-shower observatories
Very large air showers may excite air molecules to the extent that the emitted blue fluorescence
light can be detected by ground-based telescopes using focusing mirrors and photomultipliers.
The air fluorescence technique was pioneered by the Fly’s Eye detector [407] and is now commonly
used in combination with ground arrays at observatories, such as the Pierre Auger and Telescope
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Array observatories, whose aim is to study ultra-high energy cosmic rays. In principle, this
technique could also be used in water, although large air showers are usually initiated high in
the atmosphere. Fluorescence would probably only be detectable in water in very rare cases
where high-energy neutrino interactions or exotic SMPs produce very high ionisation (such as
high-velocity monopoles). To our knowledge, the fluorescence technique has never been used in
underwater studies.
Cosmic-ray detector arrays with a large surface collection area, such as the Pierre Auger
observatory in Argentina, can be sensitive to very low fluxes. Fluorescence detectors can be used
to measure shower characteristics. SMPs would produce showers with exploitable signatures,
e.g., strong electromagnetic component, long time span, narrow showers, and deep showers. The
best studied case is that of R-hadrons (see Sections 2.1.2 and 3.2.1), motivated by the possibility
that they could be responsible for the observed ultra-high-energy cosmic-ray events [408–412].
A generic search for deviations from expected air-shower shapes could be used to hint at the
presence of R-hadrons, monopoles, Q-balls, strangelets, and micro-black holes [413], although
such studies have not been published yet.
6.6. Balloon and space particle telescopes
Cosmic-rays particles with high charges or anomalous charge-to-mass ratios can potentially
be identified at experiments aboard satellites or space stations.
Experiments in space with energy loss capabilities (using, e.g., nuclear-track detectors) include
Ariel-6 [414], HEAO-3 [415], Slylab [370] and Trek [371, 416] and together constrained the flux
of particles with Z ≥ 100 to be less than 2 · 10−12 cm−2sr−1s−1. This limit applies to nuclearites
with masses M & 1000 GeV and is actually stronger than limits inferred from searches for heavy
isotopes in matter in this mass range (see Section 4).
The AMS spectrometer on the International Space Station has the capability to identify
anomalous particle rigidities and has been shown to have the potential to largely surpass the
sensitivities of previous experiments (including matter searches) for strangelets in the mass range
10 ≤ M ≤ 1000 GeV [290, 417]. The Bess balloon-borne experiment searched for fractionally
charged particles in cosmic rays and set a limit of 4.5 · 10−7 cm−2sr−1s−1 for charge 2/3e [418].
Results from AMS for both strangelets and fractional charges are expected in the near future [290,
417, 419].
6.7. Catalysis of nucleon decay
SMPs can be hypothesised to catalyse nucleon decay reactions when traversing matter (see
Section 2.2.4). This reaction would be expected in the case of a slow-moving Grand Unification
monopole via what is known as the Rubakov-Callan effect [118, 120, 121, 420]. Although the
catalysis cross section σc is highly uncertain, the range 1 < σc < 1000 mb is well motivated and
worth searching for.
6.7.1. Underground nucleon-decay detectors
Underground experiments have been used to search for monopole catalysis of nucleon de-
cay [344, 351, 421–429]. The simplest thing to do is to reinterpret proton decay results for a
monopole inducing no more than one single decay during its crossing of the detector. Taking
the IMB detector as a typical example, this applies to the cases of a large catalysis cross section
combined with a low velocity (β < 0.1 for σc = 10 mb, or β < 2 · 10−5 for σc = 100 mb) or a
small cross section, with the best sensitivity for σc = 1 mb with a velocity-independent flux limit
of 3 · 10−13 cm−2sr−1s−1 [426].
The sensitivity to cross sections exceeding 1 mb can be considerably enhanced with the use
of a dedicated analysis where multiple (typically two or three) nucleon decays are sought in a
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given time window. This strategy for searching for nucleon decay catalysis by cosmic monopoles
was first used in 1983 with a purpose-built water Cherenkov detector [421]. The search, which
set a limit of 3·10−12 cm−2sr−1s−1 (assuming 5 · 10−4 < β < 0.05 and σc ∼ 100 mb), is still
the only one to have been performed at sea level. The technique was then used at a number of
underground detectors, including SOUDAN [425], IMB [426], BAIKAL[427], MACRO [428], and
IceCube [429]. Depending on experimental constraints such as timing of the successive decays,
these searches probe various σ ranges between 10 and 2 · 105 mb. Together, these result in
a combined limit at the level of 10−16 cm−2sr−1s−1 on the monopole flux (typically assuming
10−5 < β < 10−2 and σc ∼ 100 mb).
Catalysis of nucleon dissociation into quarks resulting in pion emission by electrically neutral
Q-balls was sought at the SuperKamiokande detector using a similar technique [236]. This
constrained the neutral Q-ball flux to below 10−15 cm−2sr−1s−1 for catalysis cross sections in
the range 1− 200 mb.
6.7.2. Neutrinos from the Sun
Another approach is to measure the flux of neutrinos with energy around 45 MeV from the
Sun and infer the rate of SMP-induced nucleon decays happening at the centre of the Sun. The
efficiency with which the Sun captures monopoles striking its surface depends on the monopole
mass and velocity (see Section 3.3.1). Calculations of monopole stopping power in the Sun show
that M = 1016 GeV and β = 10−3 yield a stopping length of the order of a solar radius [430].
However, it should be noted that if we assume that monopoles acquire energies of the order of
1013 GeV by acceleration in galactic magnetic fields, they will stop when traversing the Sun
only if they have masses much below the GUT scale. Monopoles with such masses which arise
in theories with an intermediate mass scale below the GUT scale are not expected to catalyse
nucleon decay (see Section 2.2.4). At the SuperKamiokande neutrino telescope such an analysis
was used to set a limit 6 · 10−24
(
β
10−3
)2
cm−2sr−1s−1 on the magnetic monopole flux, assuming
monopoles with mass and velocity such that they stop in the Sun, with nucleon decay catalysis
cross section larger than 1 mb [423, 431].
6.7.3. Neutron stars
Cosmic monopoles striking the surface of a neutron star would lose sufficient energy to be cap-
tured and thus would accumulate inside the neutron star at a rate proportional to the monopole
flux. Assuming monopole catalysis of nucleon decay, observations of the energy emitted by old or
young neutron stars have been used to set indirect constraints on the monopole flux. This can be
done using the total X-ray emission per neutron star [432], the contribution of old neutron stars
to diffuse X-ray background [433, 434], serendipitous searches for soft X-ray point sources [432],
and the luminosities of old radio pulsars [435]. These different methods make slightly different as-
sumptions and together give a bound of the order of 10−23 cm−2sr−1s−1 on the flux of monopoles,
where the nucleon decay catalysis cross section times the nucleon-monopole relative velocity is
of the order of 0.1 mb [434]. These limits apply to monopoles with masses M ≥ 1014 GeV, below
which monopoles would probably not reach the surface of the neutron star due to deflection by
magnetic fields. They also rely on the assumption that monopole annihilations inside the neutron
star can be neglected. The limit can be improved by several orders of magnitude if one assumes
that monopoles are also captured in the matter that will later form the neutron star, although
this applies only to lower monopole masses (M ≤ 1017 GeV), and the fate of the monopole after
capture is uncertain [434, 435].
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6.8. Discussion of candidate events
Historical claims were made that exotic events have been observed in cosmic rays. None of
the cases was confirmed.
• A very highly ionising nuclear-track candidate was observed by Price et al. in a balloon-
flight experiment in 1973. It was first interpreted as evidence for a magnetic monopole [365].
A subsequent paper by the same authors refuted the monopole interpretation, while still
claiming that the track is not compatible with any known particle [366]. The event remains
a mystery, as no further specimen has been recorded since.
• In 1982, Cabrera reported the detection of an event consistent with a Dirac monopole at one
of the first cosmic-ray induction experiments [436]. A similar event was also seen by Caplin
et al. in 1986 [319, 437]. In both cases, the flux change was observed in only one loop, thus
not allowing to rule out a spurious jump (see Section 5.2.2). The lesson was learned that
such experiments need at least two loops in coincidence to detect an unambiguous signal.
Later induction searches (See Section 6.1) placed monopole flux limits much below what is
needed to produce the observed events.
• Certain classes of observed cosmic-ray air showers appear to have anomalous features
which have been tentatively interpreted within exotic scenarios involving SMPs [438, 439].
The most studied are the so-called “centauro” events at Mt. Chacaltaya in 1980 [440],
whose alternative interpretations were recently refuted in favour of more mundane expla-
nations [441–444]. In general, the need for exotic physics does not appear to be convincing
due to the limited information made available by the detectors. It is still very worthwhile
to continue to try to confirm reported anomalies in cosmic-ray experiments, and search for
new ones.
• The underground observation of several α-particles of anomalously long range was tenta-
tively interpreted as nuclear fission induced by Grand Unification monopoles [445], even if
non-exotic explanations cannot be ruled out.
• In 1990 a balloon-borne experiment at an atmospheric depth of 9 g/cm2 with exposure
6 · 108 cm2sr·s reported two events with anomalous rigidity, corresponding to Z ∼ 14 and
A ∼ 350 [446]. The characteristics of the events are not compatible with known elements
but fit nicely with those expected from strange quark matter [446]. This result is in mild
conflict with matter searches [265]. In another balloon-borne chamber experiment, an event
was found with Z/β ∼ 40 and high β, which could not be reconciled with a high penetration
depth [447]. New data by AMS is expected to shed new light on these phenomena in the
near future [290, 417].
6.9. Connecting cosmic-ray and collider monopole production
Cosmological SMP relic abundances are highly dependent on the models and can generally
be made as low as one wishes depending on the scale of inflation, the annihilation rate, and
the extent to which SMPs bind to matter (see Section 2.2.5). At present, cosmic flux limits are
therefore very difficult to relate to direct cross section limits at colliders. However, high-energy
cosmic rays impacting the Earth’s atmosphere would still be expected to produce SMPs by the
same mechanisms as at hadron colliders, at a rate which sharply decreases with mass. This
allows for a direct comparison between flux limits and collider constraints.
Below we convert flux limits into cross section limits in the case of magnetic monopoles,
making the following assumptions:
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monopole mass (TeV) 0.316 1.0 3.16 10.0 31.6
Experiment SLIM IceCube IceCube mica mica
Mean value of
√
s (TeV) 0.86 8.9 8.63 27.3 86.3
σ (cm2) 0.86 10−32 0.48 10−30 0.42 10−30 0.24 10−29 0.35 10−27
Table 3: The best cross-section lower limits for various monopole masses, obtained from cosmic flux limits.
• The cosmic-ray primary particles are mainly protons with only a small fraction of heavier
nuclei.
• A parameterisation of the cosmic-ray flux, φ(E), at primary energy E is given by
φ(E) = 1.05 104 E−2.6(m2 sec sr GeV)
−1
(E < 4.9 106)GeV (20)
φ(E) = 6.01 107 E−3.16(m2 sec sr GeV)
−1
(E > 4.9 106)GeV (21)
from a fit to the primary spectrum [1].
It follows from these assumptions that the differential rate for monopole production is given
by
d2N
dEdΩ
=
∫
x
e−x/λ dx σ(M,E) NA φ(E) (GeV cm2 s sr)−1 (22)
where x is the thickness of the atmosphere penetrated by the cosmic ray, NA is Avogadro’s
number, λ is the mean free path of the cosmic ray in the upper atmosphere, σ(M,E) is the
production cross section for a monopole of mass M by a cosmic-ray primary of energy E and
φ(E) is the cosmic-ray flux at energy E given above.
Here λ is taken to be 30 g/cm2, assuming that after the first collision the primary will have
insufficient energy to produce a monopole pair. Hence the cross section lower limit for primaries
between energies E1 and E2 from the flux limit L is given by
σ <
L
λNA
∫ E2
E1
φ(E)dE
. (23)
The lower energy limit, E1 is taken as the maximum of the production threshold (
√
s = 2M) and
the energy needed for the monopole to penetrate to the experiment depth. The upper energy
integration limit is taken to be infinite (the result is not sensitive to this upper limit).
The penetration depth of a monopole of a particular energy is deduced from the parameter-
isation of the range given in Section 3.3.1 and Equation 3.3.1. The primary energy to produce
a monopole of this energy is deduced under the assumption that the monopole has negligible
momentum in the centre-of-mass frame.
The best limit is from the ancient mica [378–381] (Section 6.2.3). However, the depth through-
out geological time is unknown but thought to be less than 10 km [378], thus primaries must be
assumed to give monopoles enough energy to reach depths greater than 10 km. This constraint
means that mica cross section limits are valid for masses above ∼ 5 TeV.
For masses in the range 1 < M < 5 TeV the best limit is from IceCube [388] (Section 6.3.1).
Monopoles of this mass have sufficient energy to reach the detector depth in IceCube.
For the lowest masses, the SLIM high-altitude experiment gives the best limit [360] (Sec-
tion 6.2.2).
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Figure 12: The cross section limit from cosmic-ray production of monopoles (this work). Limits from accelerator-
based experiments [10, 292, 448, 449] are also shown together with the cross section for Drell-Yan production of
monopole pairs [258] at the LHC (2012) energy.
The best cross section limits are summarised in Table 3 and plotted in Figure 12. These are
compared with the limit determined by accelerator-based experiments [10, 292, 448, 449] (the
latest and most stringent one from ATLAS [10]) and with the theoretical production cross section
via the Drell Yan process [258]. Note that the cosmic-ray primary spectrum falls rapidly with
energy (approximately as 1/E3). Hence the mean value of the
√
s to produce each mass is only
of order 40% above the threshold energy. The mean values of the
√
s are given in the table for
each mass. The cross section for monopole production is expected to rise rapidly with energy.
Thanks to high luminosities, modern colliders provide the best constraints in the mass range
up to half the collision energy. Cross section limits for monopole production by cosmic rays are
weaker but they extend to much higher masses and they are relatively model independent in
terms of the kinematic distributions of produced monopoles. A model dependence comes in from
the assumption that the monopoles are nearly at rest in the centre of mass system so that one
can compute the energy in the lab frame. At masses below 1 TeV, monopoles need a large energy
to penetrate through the atmosphere, and experiments at high altitude become more attractive.
Searches in matter are the most constraining for masses below 100 GeV.
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Figure 13: Single-experiment monopole flux limits (90% confidence level) versus year of publication. The limits
assume monopoles with g ≥ gD with mass and energy such that they would possess a velocity in the sensitivity
range of the detector (see Fig. 14). The mica limits are guaranteed if the monopole has g ≥ 2gD.
6.10. Summary
Experiments capable of directly probing the flux of massive interacting particles can be based
on a very large variety of techniques, such as magnetic induction, ionisation signals in active or
passive detectors, Cherenkov emission, vibrations, extended air showers, and space-borne spec-
trometers. A review of constraints and assumptions for each search was given, mostly within
models of magnetic monopoles, exotic electrically charged massive particles, Q-balls, and nucle-
arites. The limited detector areas make the detection of fluxes much lower than that ∼ 1 particle
per km2 per year difficult. In the case of massive compact objects (such as nuclearites), lower
fluxes can still be probed using dedicated techniques, as will be discussed in Section 7.
The monopole hypothesis is the most prevalent. The evolution of flux limits obtained since
1970 (within the assumptions of each experiment) as a function of time is presented in Fig. 13.
This shows that the current focus is on obtaining very strong constraints for relativistic monopoles
with Cherenkov techniques at large neutrino telescopes. Given the impressive advances in modern
automatic microscope technologies, the possibility of new search with large nuclear-track detector
arrays and ancient mica should also be kept in mind. A summary of direct and indirect constraints
on the flux of cosmic monopoles is given in Table 4 and in Figs. 14 and 15. While Fig. 14 presents
combined flux limits as a function of velocity assuming that a monopole of such velocity (with
charge ≥ gD) traverses the detector, Fig. 15 presents the same results as a function of monopole
mass assuming a monopole energy of 1013 GeV (expected after acceleration by galactic magnetic
fields [142], see Section 2.2.7).
technique location reference velocity range limit (cm−2sr−1s−1)
induction sea level [310, 314–325, 436] all β 2·10−13
scintillator underground [327–329, 337–342] 10−4 < β < 0.1 2.5·10−16
[337, 338, 340, 341] 0.1 < β < 0.5 1.3·10−14
55
[338, 340, 341] 0.5 < β < 1 1.3·10−13
sea level [334–336] 3 · 10−4 < β < 10−3 7.8·10−13
[330–332] 10−3 < β < 0.5 2.9·10−13
plastic streamer tube underground [351] 10−4 < β < 2 · 10−3 4.6·10−12
gaseous detector underground [328, 329, 344] 10−4 < β < 5 · 10−3 2.8·10−16
[343–346] 5 · 10−3 < β < 1 6·10−15
sea level [333, 347–350] 10−4 < β < 1 1.4·10−14
nuclear-track detector underground [328, 329, 359, 364] 2 · 10−5 < β < 2 · 10−4 3·10−16
[328, 329, 359, 364] 2 · 10−3 < β < 0.02 2·10−16
[328, 329, 359, 364] 0.02 < β < 1 10−16
sea level [304, 362, 363] 0.04 < β < 1 5.2·10−15
high altitude [360, 368] 3 · 10−5 < β < 2 · 10−4 3·10−14
[360, 365–369] 0.03 < β < 1 6.5·10−16
ancient mica [378–381] 4 · 10−4 < β < 0.5 5.5 · 10−20 (3)
[378–381] γ > 2000 5.5 · 10−20 (4)
Cherenkov light deep water/ice [384] 0.6 < β < 0.8 5·10−17
[384–386, 388] 0.8 < β < 1 2.3·10−18
Cherenkov radio South Pole [250, 251] 107 < γ < 1013 2·10−19
nucleon decay underground [344, 351, 422–428] 10−5 < β < 10−2 10−16 (5)
deep ice [429] β ∼ 10−3 10−17 (6)
sea level [421] 5 · 10−4 < β < 0.05 3·10−12 (7)
in the Sun [423, 431] β < 0.1 6 · 10−24
(
β
10−3
)2
(8)
old neutron stars galaxy [432–435] all initial β 10−23 (9)
collection (air) sea level [302–304] stop in atmosphere 4.1 · 10−16 (10)
extraction (deposits) ocean bottom [140, 298–301] stop in ocean 4.8·10−19 (11)
matter induction Moon rocks [308, 309] stop on Moon surface 6.4·10−19
polar rocks [296] stop inside Earth 2.2·10−14 (12)
Earth heat Earth core [311] stop inside Earth 8·10−14 (13)
magnetic field survival galaxy [145] all β 10−15
galactic seed [146] all β 1.2 · 10−33M (14)
mass density Universe [145] all β 5.4 · 104 β
M
(15)
3Assumes that the monopole picks an Al or Mg nucleus while traversing the rock on its way to the mica layer.
4Assumes that bare ultrarelativistic monopoles with g = gD induce tracks in mica. Valid for |g| = 2gD, β > 0.9
and |g| ≥ 3gD, β > 0.1.
5Assumes a nucleon decay catalysis cross section σ = 100 mb.
6Assumes a nucleon decay catalysis cross section σ = 1000 mb.
7Assumes a nucleon decay catalysis cross section σ = 100 mb.
8Assumes that monopoles impacting the Sun remain trapped, and a nucleon decay catalysis cross section σ > 1
mb.
9Assumes nucleon decay catalysis cross section times nucleon-monopole relative velocity of the order of 0.1 mb,
100% capture probability for monopoles incident on the neutron star, and negligible effect from monopole-
antimonopole annihilations.
10Assumes monopoles with positive charge.
11Assumes that monopoles would be efficiently extracted from the solid lattice of the samples by applying a
strong magnetic field — this has been criticised in Ref. [258]. However, Ref. [307] analysed a variety of deep-sea
deposits with the induction technique, and although not explicitly quoted by the authors, this negative result
provides a robust limit of similar magnitude.
12Assumes M · gD/g < 4 · 1014 GeV, whole-mantle convection, and monopole binding to nuclei.
13Assumes 4 · 1014 < M < 1017 GeV, a stable dipole geomagnetic field in the Earth’s core when there is no
reversal, and the presence of both monopoles and anti-monopoles.
14This formula requires the monopole mass (M) to be expressed in GeV. The bound assumes that the current
galactic magnetic field grew starting from a small value, and is valid for M > 3 · 1011 GeV. For smaller masses,
another formula applies, dependent on the value of the field seed [146].
15This formula requires the monopole mass (M) to be expressed in GeV and assumes a uniform distribution.
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Table 4: Summary of combined flux limits for cosmic monopoles with g ≥ gD that would reach the detector and
possess a velocity in the given range. Experiments with sensitivity to low speeds (β < 0.04) can probe very high
masses (M > 1015 GeV). Searches for monopoles that stopped in the atmosphere, in oceans and on the Moon
surface probe only low masses (M < 100 GeV). Specific assumptions needed for the limits to be valid are specified
as footnotes.
The experiments based on ionisation energy loss are generally also sensitive to composite
objects such as electrically charged Q-balls and nuclearites (nuclearite flux limits are reported in
Fig. 16). One interesting challenge is to probe the possibility that such objects could constitute
dark matter, in particular this is not excluded for masses above ∼ 100 g. A more extensive
search with ancient mica can potentially probe the 100 − 105 g mass range, while seismic or
gravitational techniques would be needed to probe higher masses (see Section 7 and Fig. 16).
As current models cannot accurately predict monopole production and fate during the long
and complex history of the Universe, the fact that monopoles evaded detection both in cosmic
rays and in matter for wide ranges of monopole masses does not preclude their existence. The
monopole density could have been diluted down to quantities below current sensitivities by cos-
mic inflation (see Section 2.2.5). There are also scenarios in which monopoles would be copiously
produced in the early Universe but still almost invisible to experiments. One such scenario is the
confinement of monopoles into long-lived monopolium states (see Section 2.2.8). In another sce-
nario monopoles belong to a hidden sector and, through mixing, manifest themselves as objects
with small electric charges (see Section 2.2.3). It can also be speculated that most monopoles
which were produced bound to matter early, perhaps during nucleosynthesis; Section 3.3.2 dis-
cusses monopole binding. If they are also very massive, they could subsequently have remained
trapped in the cores of stars and dead-star remnants.
Accelerator experiments are complementary as they allow for a controlled laboratory en-
vironment in which new particles, if they exist in the accessible mass range, are more or less
guaranteed to be produced and detected at a high rate. An example of this complementarity was
presented here with a comparison between monopole production cross-section limits at colliders
and in atmospheric interactions by high-energy cosmic rays (Fig. 12).
7. Searches for macroscopic composite objects
In this section we discuss composite objects so massive that the flux expected if they con-
stituted dark matter is unconstrained by cosmic array detectors. This roughly corresponds to
masses larger than 100 g. Possible candidates include strangelet nuclearites (see Section 2.1.5),
fermionic exotic compact stars (see Section 2.1.6), and primordial black holes (see Section 2.3.2).
Cosmic fluxes for such objects can be constrained using specific techniques such as gravitational
lensing. In addition, such objects could be gravitationally captured during star formation [450]
and remain trapped in the cores of stars, planets and asteroids, or form meteoroids. In such
a scenario, their presence could be revealed in the form of anomalies in the properties of Solar
System bodies.
7.1. Gravitational lensing
Massive compact objects with masses of the order of that of planets could be detected through
occasional magnification of light from distant sources by gravitational lensing.
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Figure 14: Summary of combined cosmic monopole flux limits (90% confidence level) as a function of velocity
times Lorentz factor. The limits assume monopoles with g ≥ gD with mass and energy such that they would
possess the given velocity after reaching the detector. The high-velocity mica limit applies to g ≥ 2gD. The limits
based on nucleon decay in detectors assume catalysis cross sections σc of the order of 100 mb.
7.1.1. Microlensing
Experiments such as EROS and MACHO have been monitoring temporal variation in fluxes
from millions of background stars [451, 452]. In such measurements, the observed frequency
of brightening expected when a dark object passes close to the line of sight which allows the
exclusion of objects in the mass range 4 · 1026 < M < 4 · 1033 g as a major component of the
dark matter halo [452]. Recent results obtained with the Kepler satellite extend this mass range
down to 4 · 1024 g [453]. These limits apply to any type of compact object, including primordial
black holes and nuclearites. They are reported in Fig. 16.
7.1.2. Femtolensing of gamma-ray bursts
Interference effects between lensed images of a pointlike astrophysical source can be exploited
to identify asteroid-sized compact objects, a technique called femtolensing [454]. Gamma-ray
sources are appropriate because the time delay induced by the lens would be comparable to
the oscillation period of a gamma ray. Gamma-ray burst sources can be very distant and still
sufficiently bright: since the probability to have a candidate in the line of sight scales with
distance, this is an additional advantage.
The femtolensing technique was applied on gamma-ray bursts to constrain the abundance
of compact objects with masses in the range 1017 < M < 1021 g [455, 456]. Recent results
using the Fermi satellite set limits on the contribution to dark matter at the level of 8% for
5 · 1017 < M < 2 · 1020 g [456]. These limits apply to compact objects whose physical radius is
smaller than the Einstein ring radius, which in the search above is the case for e.g. primordial
black holes, exotic fermionic stars, and nuclearites. They are reported in Fig. 16.
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Figure 15: Summary of combined cosmic monopole flux limits (90% confidence level) as a function of mass.
The limits assume monopoles with g ≥ gD which possess an energy of 1013 GeV (expected after acceleration by
galactic magnetic fields [142]). The high-velocity mica limit applies to g ≥ 2gD. The limits based on nucleon
decay in detectors assume catalysis cross sections σc of the order of 100 mb.
7.2. Meteoroids
When colliding with the Earth or other planets, new massive objects would give rise to
signatures such as anomalous meteors, seismic signals, and fossil traces. For a given mass density,
the impact rate is proportional to the speed and inversely proportional to the mass of the object.
The impact rates for various bodies in the Solar System are summarised in Table 5 assuming
a speed corresponding to galactic rotation (250 km/s) and a density corresponding to the local
density of dark matter (∼ 10−24 g/cm3). Also, some Solar System bodies could be made partly
or entirely of extended objects in a new state of matter. If dressed by ordinary matter (e.g. by
gravitational interaction), such objects could be observed as asteroids and comets with anomalous
properties.
7.2.1. Seismic detection
It has been argued that extended exotic compact objects would manifest a number of signa-
tures such as anomalous earthquakes when traversing a rocky planetoid [69, 240, 400, 457, 458].
For instance, nuclearites with M > 1000 g would heat and break rock to such an extent that
they would produce a characteristic seismic track if at least seven stations are used [459].
Absence of evidence for epilinear seismic signals on Earth allowed to exclude nuclearites as
the dominant dark matter component in the mass range 105 < M < 3 · 108 g [460]. In addition,
the measurement of the total amount of seismic energy obtained with the five seismic stations
implanted on the Moon by the Apollo astronauts were interpreted to set conservative limits on
the rate of nuclearite impacts, concluding that the flux does not exceed one tenth of the dark
matter density in the mass range 5 · 104 < M < 106 g [460]. These limits are reported in
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object mass (g) Eros Moon Earth Jupiter Sun
1 104 3 · 108 4 · 109 4 · 1011 5 · 1013
103 10 3 · 105 4 · 106 4 · 108 5 · 1010
106 10−2 3 · 102 4 · 103 4 · 105 5 · 107
109 10−5 0.3 4 4 · 102 5 · 104
1012 10−8 3 · 10−4 4 · 10−3 0.4 50
1015 10−11 3 · 10−7 4 · 10−6 4 · 10−4 5 · 10−2
1018 10−14 3 · 10−10 4 · 10−9 4 · 10−7 5 · 10−5
Table 5: Expected number of collisions per year between an object of given mass and various bodies in the Solar
System, assuming that the object constitutes 100% of the local dark matter density and that it possesses a typical
galactic velocity.
Fig. 16. The same authors pointed out that the larger area on Earth leads to eight times as
many detectable collisions, while the Moon has the advantage of much lower backgrounds thanks
to a lower seismic activity and the lack of noise from winds and waves. A sufficient number
of seismometers judiciously placed on the Moon would allow to detect objects with masses two
orders of magnitude lower than on Earth, potentially down to the kg level [460]. As this mass
range has not been explored by any other means (existing searches in ancient mica reach up to
160 g [380], see Section 6.2.3), this would motivate plans for seismic nuclearite searches as a part
of any future trip to the Moon [460–462] or any other seismologically quiet planetary body.
Seismic detection techniques should also be sensitive to impacts and punctures from compact
objects other than nuclearites. Matter inside compact exotic fermion stars (see Section 2.1.6)
would have a density over 10 orders of magnitude higher than quark matter, leading to cross
sections ∼ 106 smaller for the same mass (neglecting gravitational effects) [87]. As a consequence,
fermion star fluxes below what would saturate the dark matter density would be extremely
difficult to detect using seismic signals on the Earth or the Moon. In the case of black holes, the
interactions with matter are dominated by gravitational acceleration and Hawking radiation [239,
240] (see Section 3.2.5). If one does not invoke exotic scenarios (see Section 2.3.2), only primordial
black holes with M > 1015 g would remain today. Assuming that black holes with M ∼ 1016 g
constitute dark matter, that corresponds to a flux of 10−34 cm−2sr−1s−1, or about four collisions
with Earth every ∼ 107 years [406, 457]. The consideration of the excitation of seismic waves
by non-colliding close encounters enhances the expected event rate by factor 100 [457]. This
corresponds to 1 event every 25000 years.
7.2.2. Meteors
Compact objects with masses such that they can occasionally impact larger rocky bodies
(see Table 5) would exhibit salient features such as punctures and exit wounds [458]. Such
objects could possibly be dressed in loosely bound ordinary matter and thus look like meteors
when traversing the atmosphere, although with unusual stability and absence of normal impactor
material [458]. Anomalous impact events on Earth presenting one or several of these features
have been subject of much speculation. For instance, an alternative interpretation for the 1908
Tunguska explosion involves an incident black hole [463], although this hypothesis has been
disproved based on the lack of observation of an exit event [464]. The Tunguska event and other
anomalous events were also proposed to be caused by meteors made of mirror matter [64, 65] (see
Section 2.1.4). However, even if details of such events are associated with mysteries which are
the subject of speculation and scientific debate, conventional models involving ordinary meteors
cannot be disproved.
The energy dissipated by a nuclearite with M > 1 g when passing through rock would be
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enough to melt the rock in its wake, producing a macroscopic track or pipe [69]. If such fossil
tracks in ancient rock could be identified, they would be interesting indications of the passage
of exotic compact objects. Such evidence could be confirmed if the track is associated with high
concentrations of fullerenes — exceptionally long-lived molecules which are not expected to be
created in significant amounts by processes other than violent heating [465].
Meteor-like events with anomalously high velocities relative to Solar-System meteors can be
identified using cosmic-ray air Cherenkov telescopes. If observed, such events would be signatures
of, e.g., nuclearites in the mass range 10−3 − 103 g [466, 467]. It was also suggested that high-
velocity transits could be identified by detecting the emitted thermal radio signal with, e.g.,
balloon-borne instruments such as ANITA [467].
An even more promising observatory for future anomalous meteor searches is the proposed
JEM-EUSO telescope, to be installed on board the International Space Station [468]. This
instrument is designed to have a very large field of view from above the Earth’s atmosphere and
to be able to detect events of very short duration. Being space-borne, it has also the advantage
to be immune from adverse weather conditions. Exotic meteors such as nuclearites would be
easily distinguished from normal meteors using a variety of criteria such as velocity, light profile,
and fireball profile (e.g., events developing at low heights, or moving upwards). It is estimated
that only 24 hours of JEM-EUSO operation would allow to constrain the flux of nuclearites with
M > 1 g at the level of 10−20 cm−2sr−1s−1 [468]. That is ten times better than the limit obtained
from existing searches in ancient mica (see Section 6.2.3 and Fig. 16), thus potentially allowing
to close the gap of nuclearite masses between those constrained by ancient mica analyses and
those constrained by seismic detection.
7.2.3. Comets
An intriguing proposition is that the major component of comets would be in the form of
extended invisible exotic matter, e.g., dark atoms/mirror matter [65] (see Section 2.1.4). A small
kinetic mixing between the photon and the mirror photon (χ ∼ 10−9) could possibly result in a
mirror body being dressed by ordinary dust and behave like comets do (see Section 3.2.2). This
speculative idea is inspired by the observation of fewer returning comets than expected (so-called
“comet fading problem”), indicating that they often disappear after their first passage near the
Sun [469]. Detailed observations of sun-grazing comets such as ISON in 2013 showed that they
often disintegrate near perihelion without leaving any visible debris [470]. Another puzzling
observation obtained from the Deep Impact space probe collision with comet Tempel 1 in 2005 is
that the comet material has an extremely high porosity [471]. Even if more standard explanations
cannot be ruled out at present, these three facts — comet fading, disintegration without debris,
and high porosity — could be explained if comets are hypothesised to be mostly made of extended
(few km) aggregates of invisible matter interpenetrated by loosely bound ordinary matter. Once
all ordinary matter has evaporated, such objects would become completely dark.
Comets are complex objects and it seems clear that many aspects of comet composition and
behaviour are still poorly understood. The data to be collected by the Rosetta spacecraft, which
successfully made a rendezvous with comet 67P/ChuryumovGerasimenko in August 2014, will
probably be very valuable in that respect.
7.2.4. Asteroids
A very low rate of low-diameter (< 100 m) craters relative to the rate of large craters is
observed on asteroid Eros. It has been proposed that this could be explained if most impactors
were mostly made of mirror matter [65]. Later is was shown, however, that seismic shaking
provoked by impacts on the asteroid can effectively erase small craters [472, 473]. In such
conditions, it seems difficult to draw strong conclusions about the nature of the impactors.
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Rotation speeds of asteroids with irregular shapes are known to be either increased or de-
creased over time due to the Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect [474–476],
explaining the observed broadening in spin rate distributions for asteroids under 10 km in di-
ameter [475]. There is a limit in rotation speed beyond which centrifugal forces will cause the
asteroid to disintegrate. In a ”rubble pile” model (assuming low tensile strength), it is predicted
that no asteroids would survive rotation speeds higher than 2.2 rotations per hour, and indeed a
sharp barrier is observed at this value for asteroids in the size range 1− 10 km [477]. However,
a significant fraction of small asteroids (< 100 m in diameter) are observed to spin dramatically
faster than this barrier [477, 478]. This could be explained if asteroids possessed a core of ultra-
dense matter (such as quark matter): in the case of small asteroids, the ultradense core would
constitute a large fraction of the total mass and a negligible fraction of its volume, allowing for
surface material to remain gravitationally bound at much higher rotation speeds than would be
possible otherwise [478]. However, the possibility of a high tensile strength (as opposed to loose
regolith) in the case of small asteroids cannot be ruled out using current data [477].
7.3. Earth core radiography
The possibility that the Earth would possess a small core of ultradense matter (e.g. of
nuclear density if constituted of quark matter) can potentially be tested directly using neutrinos
as probes. A measurement of the absorption of atmospheric neutrinos with energies of tens of
TeV when they pass through Earth is capable of revealing its density distribution [479]. Using
the IceCube detector, 10 years of data would provide at least 3σ separation in averaged density
between core and mantle [479, 480], and the prospects will become better at future large-scale
neutrino observatories. Another method is to use the much higher flux of atmospheric neutrinos
at lower energies (5 − 10 GeV) and exploit matter effects of neutrino oscillations to extract
the electron density. The future Hyper-Kamiokande experiment would have the capability to
perform such an analysis [481].
7.4. Indirect searches
The abundance of specific types of compact objects such as nuclearites and black holes can be
constrained based on the effects they would be expected to have on the Earth, the Sun, neutron
stars, and cosmic rays.
7.4.1. Geothermal effects
Constraints from geothermal energy budget of the Earth can be used to limit the flux times
radiation efficiency of compact objects. In a model of antiquark matter nuggets [77] (see Sec-
tion 2.1.5), this constrains the flux to be below what would be required to match the dark matter
density for masses below ∼ 3 g [467]. Volcanoes could also result from the intense heat after
passage of large compact objects [458].
7.4.2. Existence of old neutron stars
If strange matter exists in a stable state, a collision between a lump of strange matter and
a neutron star would be expected to seed the conversion of the neutron star into a strange
star [482]. It was argued that pulsars which are observed to exhibit glitches must be neutron
stars [483], and hence the cosmic flux of strange matter must be so small as to not convert all
neutron stars into strange stars [75, 484]. In a model where strange star mergers produce ejecta
of strange matter, this argument seems to rule out the existence of strange stars [484]. However,
it was shown that the amount of ejecta in strange star mergers can be arbitrarily small depending
on the model [485]. Also, the argument does not hold for nuclearites made of antiquark matter,
which would simply annihilate in a collision with a neutron star.
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A primordial black hole can be gravitationally captured in a close encounter with a neutron
star and subsequently disrupt it by rapid accretion. Recent studies [210, 486] constrain the
primordial black hole density to be at least 10 times lower than the dark matter density for
masses in the range 1018 < M < 1024 g by considering the existence of old neutron stars
in regions of high dark matter density. This indirect result applies to a window which was
unconstrained by direct searches, indicating that primordial black holes are not the dominant
constituent of dark matter in the universe.
7.4.3. Solar oscillations
Stars have been proposed to serve as seismic detectors for primordial black holes or similar
objects of very large mass [487]. The gravitational field of a primordial black hole would induce
solar oscillations. Such a signal is predicted to be well separated from backgrounds using current
solar observatories for M > 1021 g [487]. As can be seen in Table 5, assuming a dark matter
density and galactic speed this corresponds to a rate of one event every ∼ 108 years, too low
to be observable. However, oscillation signatures of black holes could also be studied in a large
number of stars much larger than the Sun, potentially greatly increasing the event rate [487].
7.4.4. Dynamical effects
If sufficiently abundant, very massive compact objects would disrupt or disturb astronomical
systems. In particular, disruption of binary stars or open star clusters constrains the mass of
dark-matter objects in the galactic disk to be below ∼ 1035 g [209]. Similarly, disruption of
globular clusters and heating of the galactic disk constrains the mass of dark halo objects to be
below ∼ 1039 g, and tidal distortion of galaxies constrains dark objects in galaxy clusters to have
a mass below ∼ 1043 g [209].
7.4.5. Galactic and cosmic diffuse radiation
Both the observed 511 keV line from the galactic plane [488] and MeV-energy continuum
emission have been interpreted as resulting from electron annihilations with positron from the
interior of quark antimatter nuggets, specifically in the model of Refs. [77, 79] (see Section 2.1.5).
Despite the large gap in energy, spectra and fluxes predicted by this model seem to be in good
agreement with observations in both cases [78]. The diffuse cosmic radio emission excess mea-
sured by ARCADE 2 was also explained in the same model by considering the thermal evolution
of antiquark matter nuggets after recombination [489]. One should note that the latter can be
equally well reproduced with a model of WIMP dark matter [490].
7.4.6. Bursts from black-hole evaporation
PBHs (Section 2.3.2) can be detected indirectly through the products of PBH evaporation
that reach the Earth as part of the cosmic-ray flux.
In the present epoch PBHs with mass ∼1015 g would be contributing photons with energy
of the order of 100 MeV to the cosmological γ-ray background. The observational limit on this
background strongly suggests that the density of 1015 g PBHs cannot exceed approximately 10−8
times the critical density [491]. Also, as PBHs are dynamically cold, it is reasonable to expect
that some of them have clustered within the galactic halo, contributing to the galactic γ-ray
background measured, for instance, by EGRET [492].
PBHs would also contribute to the presence of positrons or antiprotons in cosmic rays [493–
495] detectable by, for example, AMS [496]. Evaporating PBHs are also a contending explanation
for gamma ray bursts [497], radio bursts [498] and the 511 keV annihilation line radiation origi-
nating from the Galaxy’s centre [198, 499].
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Figure 16: Summary of combined nuclearite flux limits (90% confidence level) as a function of mass, assuming
typical galactic velocities. The dashed line represents the flux expected if 100% of the dark matter density is
composed of nuclearites of a given mass.
The possibility that evaporating PBHs could produce ultra high energy cosmic rays with
energy &1020 eV has been studied [495, 500]. This emission results from direct production of
fundamental constituents and from hadronisation of quarks and gluons. This idea has been
criticised with a claim that the energy of the primary particles would be reduced by interactions
with an optically thick photosphere generated around the PBH [501]. However, these arguments
were refuted in another study [502]. A contribution to the cosmic-ray energy spectrum above
the GZK cutoff [503, 504] could be detected by the AUGER or the Telescope Array experiments
via air shower production. While more statistics are needed to settle the matter definitively,
to date the cosmic energy spectrum at the highest energies appears to be consistent with GZK
suppression expected when primaries originate from distant sources such as Active Galactic
Nuclei [505].
Another unique signature for PBH production of cosmic rays would be short bursts of ultra
high energy gamma radiation from the evaporating PBH. Signals lasting for of the order of one
second have been unsuccessfully sought in the past by experiments such as CYGNUS [506]. It
was argued, however, that the burst duration should be shorter, and a technique to search for
microsecond burst was proposed [507].
7.5. Summary
A review was given on constraints or hints on rare massive (M & 100 g) extended objects,
using various methods such as gravitational lensing, impacts on Earth or on the Moon, anoma-
lous meteoroid properties, and indirect detection of emitted radiation. In the case of nuclearites
(Section 2.1.5), in Fig. 16 such constraints are shown together with limits from cosmic-ray detec-
tors (Section 6) over many orders of magnitude for the nuclearite mass. It is evident that wide
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mass ranges remain unconstrained, leaving open the possibility that nuclearites (or other similar
composite objects) could constitute dark matter [508]. Constraints on primordial black holes
as dark matter are much more stringent due to the expectation of evaporation by the Hawking
radiation process; these are extensively discussed and summarised in Ref. [164].
8. Summary and outlook
There is strong theoretical motivation for the existence of exotic stable massive particles
(SMPs) such as long-lived SUSY particles, strangelets, and magnetic monopoles. SMPs with
masses far beyond the reach of accelerators could still have been produced in the early Universe
or during other high-energy events taking place during the cosmos’ history. They could be
freely roaming the galaxy and detectable at cosmic-ray facilities, or they could have stopped and
remained trapped in matter. The breadth of phenomenological scenarios considered in this paper
include scenarios of SMPs which would bind to matter to form samples containing anomalously
heavy isotopes or magnetic charge, the possibility of direct detection of SMPs which impinge the
Earth or the Moon, and direct and indirect effects of SMPs of macroscopic dimensions. Within
these scenarios, a large number of searches using a variety of complementary detection techniques
were described, discussed, and interpreted within the context of theoretical models which predict
SMPs and their properties.
The cosmos offers a wealth of observable physics phenomena to be studied and unique pos-
sibilities to unravel fundamental mysteries which perhaps cannot be tackled at Earth-based
laboratories. The nature of dark matter remains to be elucidated, unknown states of matter
could exist inside compact stars, and cosmic events encompass energy ranges which extend many
orders of magnitude beyond the electroweak scale. The body of work described in this paper,
while very impressive, represents a modest effort compared with what could be done in the future
by performing experiments on a larger scale, making use of new technologies, and employing hu-
man imagination to perform original measurements and explore unknown territories. There are
important gaps in the experimental coverage of SMPs in some ranges of masses and properties,
and there are many ways in which existing sensitivities could be improved. The discovery of an
SMP would have a profound impact on our understanding of particle physics.
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